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Abstract
Recently, several large-scale flooding events in England and Wales have been caused by
multiple cyclones in a short period of time (clustering), or slow moving storms (stalling).
The question of how much precipitation is associated with clustered or stalled extratrop-
ical cyclones is addressed using continuous areas of precipitation to associate extreme
precipitation events to specific extratropical cyclones. This method is applied to ERA-
Interim/HadUKP data and the HadGEM2-ES Historical and RCP8.5 climate model
experiments for 1, 7, 13 and 31-day precipitation accumulations.
In ERA-Interim, extreme wet events (p ≥ 0.98) in England and Wales are associated with
20% to 45% more cyclones than wet events (p ≥ 0.5) in winter, spring and autumn. Mean
cyclone residence times are generally longer in extreme wet events than wet events for
all seasons. Longer residence times are associated with a quasi-stationary wavenumber
6 planetary wave in spring, summer and autumn.
Clustering is a less important process for extreme England and Wales precipitation
events in HadGEM2-ES than in ERA-Interim. Stalling as important for summer ex-
treme wet events in HadGEM2-ES as in ERA-Interim, however, stalling in winter ex-
treme events is under-represented. Projected increases in extreme winter England and
Wales precipitation events in HadGEM2-ES are primarily associated with increased at-
mospheric moisture availability rather than changes to clustering or stalling.
The ability of reanalyses to represent extreme England and Wales precipitation is also
evaluated. ERA-Interim and 20CR only identify 45% to 55% of observed daily p98
precipitation events over England and Wales.
Clustering and stalling are significant influences on England and Wales precipitation,
mainly affecting winter and summer precipitation events respectively. However, future
changes in England and Wales precipitation are likely to be governed more by thermo-
dynamic changes than changes in circulation patterns.
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Chapter 1
Introduction and Literature
Review
1.1 Introduction and motivation
Maritime regions of Western Europe are susceptible to extremes of rainfall generated by
extratropical cyclones. Extreme accumulations of rainfall generate a high risk of pluvial
and fluvial flooding, with wide-reaching socio-economic impacts. In recent years, several
high-impact flooding events in England and Wales have been associated with particular
patterns in the movement of extratropical cyclones. During 13–15thand 25thJune 2007,
two intense, slow moving extratropical cyclones caused high precipitation accumulations
and extensive flooding across England and Wales. These were followed by an especially
intense, stalled (slow moving) storm on 20 July 2007, recording 157.4 mm rainfall in
48 hours in Worcestershire (Blackburn et al., 2008). The effect of an intense, stalled
storm producing rainfall on saturated ground was the rapid flooding of large parts of
south-western England, leading to failures of water and power supplies. The town of
Tewkesbury in Gloucestershire was entirely cut off (Figure 1.1a); 7,000 people needed to
be rescued from the flood waters, and 13 people died (Pitt, 2008). Insured loss estimates
are currently £2.5–3.5 billion, with a further £1bn of uninsured loss (Met Office 2011,
Hughs and Gambrill 2012, Chatterton et al. 2010).
The winter of 2013-2014 was characterised by a series of highly mobile of storms, which
crossed the British Isles at regular intervals. Although only a few of these storms were
particularly intense, the cumulative effect led to extensive flooding across England and
Wales, with large-scale floods occurring on the Somerset Levels (Figure 1.1b) and the
1
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(a) (b)
Figure 1.1: (a) Tewkesbury Abbey, 2007-07-01 (Pitt, 2008). (a) Somerset levels,
2014-02-02 (Met Office, 2015).
River Thames. Insured flood losses only reached £500 million due to the sparse pop-
ulation of the Somerset Levels and the high level of flood protection in the Thames
catchment; however, the combination of flood, storm surge and wind caused widespread
damage to infrastructure (Met Office 2015, DEFRA 2014, RMS 2014).
The events of recent years have highlighted the need to better understand how extremes
of accumulated precipitation are generated by extratropical cyclones. In particular, the
relationship between the movement patterns of extratropical cyclones, particularly clus-
tering and stalling, and extremes of accumulated precipitation over England and Wales
is currently poorly understood. England and Wales is chosen as a study region due to
the availability of a long-running, homogeneous precipitation dataset; its location at the
eastern end of the North Atlantic storm track, and insurance industry interest in the
region.
The aim of this thesis is to address gaps in our knowledge of how the movement of
cyclones, specifically patterns of clustering and stalling, influences precipitation accu-
mulations on time-scales from one day to one month over the England and Wales re-
gion.The following sections of this chapter will evaluate the current state of knowledge
on matters relevant to this aim, structured as follows: the nature of precipitation over
England and Wales is discussed in Section 1.2; the structure, formation, and precipita-
tion characteristics of extratropical cyclones are discussed in Section 1.3; the importance
of extratropical cyclones for precipitation in the North Atlantic storm track is discussed
in Section 1.4; the influence of climate change on England and Wales precipitation and
Introduction 3
extratropical cyclones in the North Atlantic is discussed in Section 1.5; clustering and
stalling characteristics of extratropical cyclones are discussed in Section 1.6; and finally,
the structure of this thesis, and its objectives, is described in Section 1.7.
1.2 Precipitation in England and Wales
England and Wales has a varied precipitation climatology, with annual totals domi-
nated by orographically enhanced precipitation over the high ground of the Pennines,
the Cambrian Mountains and the south-western moors (Figure 1.2). Hand et al. (2004)
investigated the types of weather phenomena responsible for the most extreme pre-
cipitation over the United Kingdom. Extreme events from 1900–1960 were identified
from publications of Meteorological Magazine and British Rainfall, and later events
(1960–2005) were identified from on the Met Office Daily Weather Report series and
other published reports. Extreme events were identified based on a variable threshold
which considers both accumulated rainfall and event duration. Events were categorised
based on descriptions given in the aforementioned publications, combined with station
data, surface charts, and satellite imagery where available. Events were categorised as
convective, convective (frontal forcing), orographic, frontal (embedded instability) and
frontal. This study found that short duration (< 6 hours) precipitation extremes were
predominantly caused by convective storms, whilst longer duration events (6–60 hours)
were predominantly caused by frontal and orographically-enhanced events (Figure 1.3a).
Where frontal rainfall was identified, 80% of cases were associated with a depression to
the south/east of the British Isles, and a slow moving frontal system. The highest precip-
itation risk from slow-moving extratropical cyclones was identified as the north-western
quadrant of the storm (Figure 1.3b). This high risk region in slow-moving extratropical
cyclones is due to the rotating motion of the fronts as they wrap around a slow-moving
low centre, causing the region in the north-western quadrant of the storm to experience
rainfall from the cloud head, both fronts, and a region of likely convective storm devel-
opment.
1.2.1 Trends in England and Wales precipitation
It is important to identify whether any long-term trends in precipitation exist, as these
may be early evidence of the impact of climate change. Osborn et al. (2000) used a set
of 110 precipitation station records to analyse trends and variation in daily precipitation
intensity across the UK over the period 1961–1995. This study identified a significant
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Figure 1.2: United Kingdom annual precipitation climatology, 1981–2010.
increase in winter daily precipitation intensity. The magnitude of this increase varies
greatly by region, with higher trends identified in regions of high orography. A study
by Alexander and Jones (2000) using the England and Wales precipitation time-series
(Legg, 2011) also identified an increase in DJF (December, January, February) precipi-
tation totals over the period 1931–1999. This increase was identified in the north-west
region of England and Wales, which corresponds to the high orography region identified
as having the strongest trend in Osborn et al. (2000). No significant increase was iden-
tified in daily 95th percentile precipitation intensity in England and Wales; however, an
increase was identified during October-March (ONDJFM) in Scotland during the period
1931–2000 (Osborn et al., 2000). Mills (2016) demonstrates that trends in the England
and Wales precipitation time-series are characterised by linear seasonal trends, inter-
rupted by regime shifts in 1828, 1871, 1917, and 1976. When the data are re-modelled
to allow for regime shifts, the current regime (1976–present) is found to follow the pre-
viously identified trend for drier summers, but no trend is found in winter precipitation.
Changes in flood risk in England and Wales are an important consideration when con-
sidering precipitation extremes. Flood risk has a great deal of spatial variation, and
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(a) (b)
Figure 1.3: (A) Plot of point rainfall amount (mm) versus duration (h) (on a loga-
rithmic scale) for each of five event categories: +=convective, x=convective∗∗∗ (frontal
forcing), ∗ = orographic, 4 = frontal∗∗∗ (with embedded instability) and  = frontal.
From Hand et al. (2004), Figure 1. (B) Schematic diagram of regions of high precipi-
tation risk from extratropical cyclones from Hand et al. (2004), Fig. 12.
depends on the level of ground saturation at the time of a major precipitation event.
Catchments vary greatly in their response times (Smith et al., 2013), and steeper catch-
ments in rocky areas respond very much more quickly to a precipitation event than
shallow catchments in porous areas. Robson et al. (1998) uses a Peaks-Over-Threshold
method to examine river gauging stations around the UK for evidence of trends in flood
magnitude and frequency. No trends in flood behaviour were identified for the period
1941–1980, but the authors identify the magnitude of inter-annual variability and the
paucity of data as sources of uncertainty in identifying significant trends and long-term
variation.
It is useful to identify changes in recent precipitation patterns in England and Wales
which may be attributed to climate change. The winter of 2013–14 was exceptionally
stormy in the UK, being characterised by a persistent area of low pressure to the north
of the British Isles, an anomalous eastward extension of the jet stream, and a regular
succession of extratropical cyclones moving across southern England from the North
Atlantic. An attribution study was performed by Schaller et al. (2016) to determine
whether climate change was likely to have influenced the chance of such an event oc-
curring in the present climate. A large ensemble of a regional climate model simulated
DJF 2013–14 under current climate conditions, and was compared against a “Natural”
simulation with a pre-industrial atmospheric composition. An increased incidence of
persistent low pressure to the north of the British Isles was identified in the current
climate relative to the “Natural” simulation. A small but significant increase in days
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with westerly flow over the UK was also identified. The risk of heavy precipitation was
found to be increased over southern England, leading to a higher chance of extreme 30-
day flow on the River Thames than in the pre-industrial climate. Whilst a single event
cannot directly be attributed to climate change, this study shows that the likelihood of
similar extreme precipitation events has increased due to a combination of a stronger
hydrological cycle and altered circulation patterns.
1.3 Extratropical cyclones
To better understand reasons for England and Wales precipitation climatology and pro-
jected future trends, a good understanding of the structure and formation of extrat-
ropical cyclones is required. In Section 1.3.1, the formation of extratropical cyclones
discussed. Classifications of extratropical cyclones based on their structure and manner
of cyclogenesis are outlined in Section 1.3.2. The main structural features of extratropical
cyclones are discussed in Section 1.3.3. Techniques used for the analysis of extratrop-
ical cyclones and cyclone tracks in the North Atlantic are discussed in Section 1.3.4.
Large-scale features of the North Atlantic storm track are discussed in Section 1.3.5.
1.3.1 Extratropical cyclone formation
The idealised structure of an extratropical cyclone in the mid-stages of its development
was first described by Bjerknes and Solberg in 1919 (Bjerknes, 1919), and was updated
in 1922 to include idealised descriptions of cyclones throughout several developmental
stages (Bjerknes and Solberg, 1922). The “Norwegian model” describes cyclones as dis-
turbances along a constant global boundary between warm and cold air masses (the
“polar front”) (Figure 1.4). The Norwegian Model remains a commonly used descrip-
tor of the life-cycle of extratropical cyclones, despite numerous refinements since its
publication.
The Norwegian Model depicts four stages of cyclone development, as shown in Fig-
ure 1.4. Stage I is the development of a wave along the boundary of a warm, tropical
air mass to the south and a cold, polar air mass to the north. Bjerknes and Solberg
(1922) suppose that the two air masses must be moving in opposing directions, hence
initiating a wave. As the wave propagates eastward, its amplitude is increased and the
cold air mass begins to curve behind the wave, initiating a circulating motion in Stage
II. The cyclone develops warm- and cold- fronts in Stage III due to the extension of the
discontinuity between the two air masses to the south of the cyclone and the develop-
ment of a warm sector to the south. In the final stage of development, the cold front
Introduction 7
Figure 1.4: The Norwegian model of extratropical cyclone development (adapted
from Bjerknes and Solberg 1922). Shaded areas indicate likely regions of precipitation.
Arrows indicate wind flow. Dashed lines indicate the location of the polar front. Stages
I to IV (left to right) show stages in the development of a cyclone from a frontal wave,
through immature and mature stages of development, to the filling and occlusion of the
cyclone. From Shapiro and Keyser (1990), Fig. 10.12
over-runs the warm front and develops an occluded front, “secluding” the cyclone centre
and replacing any remaining warm sector air in the centre of the cyclone with cold air.
This marks the decay of the cyclone and the filling of the low pressure region at the core.
A theory to describe a different development of the extratropical cyclone life-cycle was
proposed in 1990 by Shapiro and Keyser. The Shapiro-Keyser model was based on the
advances in observations and theory since the Norwegian model, and proposes a new
type of cyclone with a characteristic frontal fracture which has been observed in explo-
sive marine cyclogenesis.
As shown in Figure 1.5, the Shapiro-Keyser conceptual model retains the four stages
of development shown in the Norwegian Model (Figure 1.4), with some modifications
to the frontal structure. The cyclone begins with a broad, continuous frontal gradient
in Stage I, and develops a wave form similar to the Norwegian Model. During Stage
II, a discontinuity in the fronts is developed (“frontal fracture”), which evolves into a
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Figure 1.5: The Shapiro-Keyser model of extratropical cyclone development. Cy-
clones are shown in increasing stages of maturity from left to right: (I) incipient frontal
cyclone; (II) frontal fracture; (III) bent-back warm front and frontal T-bone; (IV)
warm-core frontal seclusion. Upper: sea-level pressure, solid lines; fronts, bold lines;
and cloud signature, shaded. Lower: temperature, solid lines; cold and warm air cur-
rents, solid and dashed arrows, respectively. From (Shapiro and Keyser, 1990), Fig.
10.27.
bent-back warm front with frontal T-bone in Stage III. The cyclone then matures and
develops a secluded core in Stage IV, consistent with the Norwegian Model.
Extratropical cyclones predominantly form in regions of baroclinic instability, where the
zonal wind is highly sensitive to small perturbations. The Eady model (Eady, 1949)
represents the initial stages of the amplification of a wave in an adiabatic environment
against a baroclinic mean state. This model represents a small-amplitude perturbation
to a basic state (zonal flow, constant vertical shear, constant Coriolis parameter (f ) and
no horizontal shear). The Eady model is held to be a good approximation of the initial
development of an atmospheric wave, however it is only valid for small perturbations
to the background state. The Charney model (Charney, 1947) assumes a similar basic
state to the Eady model, but the fixed Coriolis parameter is replaced by a beta plane
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approximation. This approximates the variation of the Coriolis parameter with latitude.
Unlike the Eady model, no rigid upper boundary is specified. The Charney model and
the Eady model produce similar growth rates.
Due to the lack of moist processes in both the Eady and Charney models, both pre-
dict cyclones of significantly larger length-scale than is observed. In addition to the
amplifying frontal wave model of cyclogenesis, as predicted by the Eady and Charney
models, perturbations may be induced by the presence of an upper-level Rossby wave.
The influence of the upper-level wave extends to the surface, inducing a small pertur-
bation in the θ gradient and creating a low-level wave that is 90◦ out of phase with
the upper-level Rossby wave, and propagating eastward relative to the mean flow. As
the low-level instability grows, it in turn acts to reinforce the upper-level wave, thus
generating a self-perpetuating wave amplification. In the case where, due to the vertical
gradient of zonal wind, the two waves remain synchronised at 90◦ out of phase, the
resulting disturbance will continue to amplify and initiate cyclogenesis.
The concept of frontal wave cyclogenesis was first described by Bjerknes and Solberg
(1922), who noted that some cyclones were observed to develop on the trailing fronts of
existing, mature cyclones, especially toward the eastern end of the North Atlantic storm
track, and proposed the theory that cyclones initiate as waves on a frontal boundary
between warm and cold air masses. Thorncroft and Hoskins (1990) investigated the
mechanisms responsible for the development of frontal waves, finding that cyclogenesis
is initiated by the interaction of a surface frontal zone with a positive tropospheric po-
tential vorticity (PV) anomaly. Such an anomaly may be caused by tropopause folding,
bringing stratospheric high PV to the mid-troposphere, or by the presence of a jet streak
over the frontal zone, or by a combination of the two. Where multiple sources of positive
PV anomaly were present, explosive cyclogenesis was often found to occur.
Further to Thorncroft and Hoskins (1990), Renfrew et al. (1997) discusses the causes
of instability in the front, finding that where stretching deformation is present along
the axis of the front, the structure of the front remains stable to external influences.
Rivals et al. (1998) modifies the method of Renfrew et al. (1997), and investigates the
mechanism behind the (in)stability of a front lying underneath a strong upper-level jet.
This study finds that the presence of the jet both stabilises the front by inducing low-
level convergence, and de-stabilises the front by causing a redistribution of diabatically
generated PV.
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A climatology of frontal wave cyclogenesis in the North Atlantic is presented by Schemm
and Sprenger (2015). In this study, frontal wave cyclogenesis is defined as the time of
first occurrence of an extratropical cyclone (defined by a closed MSLP contour with
a minimum lifespan of 24 hours) on an objectively identified front. For all seasons,
frontal-wave cyclogenesis is found to occur most regularly over the Gulf Stream and the
east coast of North America. Frontal-wave cyclogenesis in the eastern North Atlantic is
identified most frequently in SON and DJF, when approximately 4–14% of cyclogenesis
in the eastern North Atlantic occurs on a trailing front.
1.3.2 Classification of extratropical cyclones
The majority of extratropical cyclones may be classified into three distinct groups, based
on the synoptic conditions leading to their cyclogenesis. The first two of these classifi-
cations, types “A” and “B”, were described by Petterssen and Smebye (1971), based on
analysis of cyclones forming over North America, east of the Rocky Mountains. Type
“A” cyclones are described as the “traditional” amplifying frontal wave within a baro-
clinic mean state, such as is indicated in the Eady model (Eady, 1949) and the Norwegian
model of cyclogenesis (Bjerknes and Solberg, 1922). These are characterised by low lev-
els of vorticity advection in the upper troposphere and high levels of thermal advection
in the lower troposphere. In this case, the development of an upper-level trough is driven
predominantly by thermal advection in the lower troposphere against a baroclinically
unstable background state. Type “B” cyclones develop in the vicinity of an existing
upper-troposphere disturbance, for example a Rossby wave, which creates strong vortic-
ity advection in the upper troposphere. This vorticity enhances weak thermal advection
in the lower troposphere during cyclogenesis, with thermal advection strengthening as
the cyclone intensifies. Type “B” cyclones exhibit a westward tilt with height during
the intensification phase, which decreases as the cyclone reaches maturity.
Both type “A” and “B” cyclones end their life-cycles in an occlusion as described by
Bjerknes and Solberg (1922) and Shapiro and Keyser (1990). A third classification, type
“C”, was proposed by Deveson et al. (2002), and supported by Plant et al. (2003), to
account for cases found in the Fronts and Atlantic Stormtrack EXperiment (FASTEX;
Joly et al. 1997) that did not conform to either type “A” or type “B” classification.
Type “C” cyclones (not to be confused with a previous proposal for this designation by
Radinovic (1986), for cyclones of an orographic origin based on studies of the Alpine
region) are largely driven by diabatic and upper-level processes. These cyclones demon-
strate low correlation between westward tilt and intensity, unlike type “B” cyclones,
and the westward tilts of some type “C” cyclones have been observed to increase as
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the cyclones mature. Type “C” cyclones occur predominantly in high latitude regions
where an upper-level trough moves over an organised region of convection (Deveson
et al., 2002). However, they are also observed frequently in cyclones originating over the
eastern North Atlantic, in the vicinity of the British Isles (Dacre and Gray, 2009).
1.3.3 Extratropical cyclone structure
Within extratropical cyclones, several distinct structures have been identified through
observational and modelling studies (e.g. Browning and Roberts 1994; Deveson et al.
2002). Figure 1.6 shows the major air movements within an idealised extratropical cy-
clone, including the warm conveyor belt (WCB), cold conveyor belt (CCB), and dry
intrusion. The WCB was initially identified by Harrold (1973) as a broad (∼100 km)
flow ahead of the surface cold front, with ascent within the warm sector. Objectively
identifiable WCB structures are found in the majority of DJF North Atlantic cyclones
within 1,000 km of a cyclone centre, and are associated with a high rate of precipitation
(Eckhardt et al., 2004). Carlson (1980) identified that the WCB ascends rapidly as it
crosses the surface warm front, before turning anticyclonically and merging with the up-
per level jet stream. Browning and Roberts (1994) also identified a lower-level, cyclonic
branch of the WCB in a case-study of an intense extratropical cyclone, which separates
from the upper-level, anticyclonic branch and terminates within the cloud head.
The CCB flows ahead of the surface level warm front, passing beneath the WCB before
ascending and diverging into two distinct flows; a low-tropospheric cyclonic branch, and
a mid-tropospheric anticyclonic branch. (Carlson, 1980). Schultz (2001) identifies that,
depending on the structure of the individual cyclone and the CCB identification method
used, one of these paths may appear to be weak or non-existent. The cyclonic branch
of the CCB may be more frequently identified in observational studies due to its greater
width, and its prominence in intense extratropical cyclones (Schultz, 2001). Hewson
and Neu (2015) presents a broad conceptual model of extratropical cyclone development
from a wind storm risk perspective, identifying that whilst damaging winds may be
present from the WCB during nearly the full life cycle of the cyclone, CCB winds tend
to be stronger, but damaging only in the mature stages of cyclone development when
the flow at the tip of the CCB is aligned with the direction of movement of the cyclone.
The dry intrusion (or “dry slot”) is a region of descending cold dry air of tropospheric
origin, often associated with a tropopause fold (Browning, 1997). Whilst the ascending
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Figure 1.6: Schematic of warm conveyor belt, cold conveyor belt, and dry intru-
sion flows within an idealised extratropical cyclone. From Catto (2010), adapted from
Browning (1997)
motion of the WCB is primarily responsible for generating the cloud head (Eckhardt
et al., 2004), its comma shape and the distinct dry slot surrounding the cloud head is
created by the dry intrusion. Browning (1997) identifies that, near the centre of the
cyclone, the descending dry intrusion overruns part of the moist flow in the WCB, cre-
ating potential instability and the conditions for convective activity in the vicinity of
the surface cold front. As noted by Hand et al. (2004), frontal precipitation with em-
bedded convection has been responsible for several identified extreme rainfall events in
the UK on time-scales of 5–25 hours. The interaction of the WCB and dry intrusion
may therefore be considered to be highly relevant for the forecasting of precipitation
extremes from extratropical cyclones.
In addition to the main structural features of extratropical cyclones as described above,
atmospheric rivers are strongly linked with heavy precipitation events from extratropical
cyclones. Atmospheric rivers are filaments of high water vapour transport which origi-
nate in the tropics and interact with the warm conveyor belt, giving the impression of a
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“river” of moisture-laden air flowing from the tropics (Dacre et al., 2015). Lavers et al.
(2011) identified the presence of an atmospheric river concurrently with the ten largest
winter flooding events (based on river flow records) since 1970 in a range of basins across
the UK. Dacre et al. (2015) finds that atmospheric rivers are formed by local moisture
convergence around the cold front as it advances on the warm front. Moisture is thus
sourced locally from the warm sector, not transported long distances from the tropics.
Intense extratropical cyclones are found to produce a net export of water as they inten-
sify, producing a filament-like water vapour footprint as they advance, which is identified
from satellite imagery as an atmospheric river. Atmospheric rivers are therefore related
to the intensity and warm sector humidity of previous cyclones, which indicates that
moisture availability may be greater for cyclones forming part of a cluster. Ramos et al.
(2016) analyses the representation of atmospheric rivers in six CMIP5 climate models,
finding that the models represent atmospheric rivers well for the historical climate. The
major source regions for atmospheric moisture in summer precipitation events in Eng-
land and Wales were identified by de Leeuw (2014) using a back-trajectory analysis.
Summer precipitation was identified as originating predominantly from coastal regions
of western Europe; the east coast of North America, and in a region corresponding ap-
proximately to the North Atlantic storm track. Changes in the hydrological cycle or
circulation patterns in these regions therefore are likely to influence precipitation over
England and Wales in the summer months.
1.3.4 Objective cyclone tracking
Whilst historically storms were tracked subjectively (see for example Hinman 1888), the
advent of gridded datasets, has created opportunities to develop automated, objective
cyclone tracking algorithms. These algorithms allow the analysis of large numbers of
cyclone tracks as found in reanalysis and climate model data, and ensure that consistent
rules are applied for the identification of cyclones. By removing subjectivity from cyclone
tracking, it is possible to generate objective statistical analyses and inter-comparisons
of datasets. Reanalysis products, which assimilate historical observations to create a
representation of the historical atmospheric state which conforms to physical principles,
and climate models, which simulate historical and future climate scenarios using pre-
scribed energy balance scenarios and model physics, output various atmospheric data
onto a regular grid. This allows for objective algorithms to identify features associated
with the presence of extratropical cyclones.
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An early attempt at objective storm track analysis in gridded data, using an Eulerian
approach, was made by Blackmon (1976). By applying a low band pass (2.5–6 day) fil-
ter to gridded 500 hPa geopotential height data, the Northern Hemisphere storm tracks
were identified as regions of maximum variance. The Eulerian 2–6-day bandpass filtered
variance analysis has been used in many studies to identify the storm tracks as regions
of high synoptic variability, and can identify large-scale statistical features of the storm
track (e.g. Hoskins and Hodges 2002; Hodges et al. 2003; Harvey et al. 2012).
Increasingly, objective feature tracking algorithms are being applied to gridded datasets
to provide both large-scale statistical information regarding the overall storm track (e.g.
Hoskins and Hodges 2002; Zappa et al. 2013a,b), as well as studies focussed on the
behaviour of individual cyclones within the storm track (e.g. Dacre and Gray 2009;
Hawcroft et al. 2012; Pfahl and Wernli 2012). Several objective feature tracking schemes
are available, most commonly identifying features as maxima of 850-hPa relative vor-
ticity (ξ850), minima of mean sea level pressure (MSLP), and ∇2MSLP. Hodges et al.
(2003) determines ξ850 to be more sensitive to smaller spatial scale features, such as de-
veloping cyclones, frontal waves, secondary cyclogenesis, and orographically generated
cyclones. MSLP is identified as most appropriate for large spatial-scale systems, such
as mature extratropical cyclones.
Neu et al. (2013) compared the performance of a variety of commonly used objective
feature tracking methods in the IMILAST project (with the notable exception of Hodges
1994, 1995). 15 tracking methods from participating research centres were applied to
a common reanalysis dataset (ERA-Interim, 1.5◦, 6 hour time-steps). All algorithms
tracked features of MSLP or ξ850. Large differences in total hemispheric track count
were found, with some tracking schemes even disagreeing on the sign of the seasonal
change in track count between winter and summer. These discrepancies were attributed
to characteristics of the methods such as the exclusion of features without a closed MSLP
contour, or the choice of minimum distance between storms. In general, the tracking
methods were found to agree more readily for the northern hemisphere than the southern
hemisphere; for winter than summer; and for stronger storms than weaker. Importantly
however, the various tracking methods usually agreed on the sign of the trend in regions
with a strong trend in cyclone count.
As well as the characteristics of the cyclone tracking scheme used, it is essential to
consider the ability of reanalysis datasets and climate models to accurately represent
Introduction 15
Figure 1.7: Global climatology of (a) cold; (b) warm; (c); quasi-stationary; and (c)
all fronts. Units are percentage of time during which an objectively identified front was
present within each 2.5◦ × 2.5◦ grid box. From Berry et al. (2011), Fig. 2.
extratropical cyclones. Hodges et al. (2003) applied the Hodges (1994, 1995) track-
ing algorithm to four reanalysis products (ECMWF 15-year reanalysis, NCEP-NCAR
40-year reanalysis, NCEP-DOE reanalysis, and NASA-DAO 14-year reanalysis). The
inter-model analysis was found to be highly consistent for the well-constrained northern
hemisphere, particularly for extratropical cyclones with a large spatial scale. Higher
variability was found in small spatial scale systems, such as immature cyclones and
frontal wave cyclogenesis. Wang et al. (2016) provided an inter-comparison project us-
ing the latest generation of reanalysis products, with a feature tracking algorithm based
on unfiltered MSLP with minimum lifetime and maximum distance limitations (4x6hr
time-steps, 500 km straight-line respectively). Reanalysis products with higher resolu-
tions produced higher cyclone densities. As with Neu et al. (2013), more agreement
was found between the reanalysis products in the northern hemisphere than the south-
ern hemisphere; in DJF than JJA; and in intense cyclones than weak cyclones. In long
time-scale reanalysis products, the agreement between products was much greater in the
satellite era (1979–present day). An increase in northern hemisphere cyclone count was
identified for the period 1958–2010 in all reanalysis products except MERRA; however
no change in mean intensity or in the count of intense cyclones was found.
Whilst the aforementioned cyclone tracking studies give information regarding the “cen-
tre” of extratropical cyclones in the storm tracks, precipitation over a given region is
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also dependent on the location and intensity of the fronts associated with the extratrop-
ical cyclone. Global climatologies of frontal activity were derived by Berry et al. (2011)
using the methodology described in Hewson (1997), with an additional algorithm to
connect point features into spatially contiguous line features. By applying the Hewson
(1997) methodology to 850 hPa wet bulb potential temperature (θ850) from the ECMWF
ERA-40 reanalysis product (Uppala et al., 2005), a global climatology of frontal activity
for the period January 1958 – December 2001 was produced (Figure 1.7). When the
North Atlantic storm track is gridded to 2.5◦ boxes, fronts occur in up to 15% of the
time in each box, with a maximum located in the region of maximum baroclinicity in
the western North Atlantic. This maximum is found to coincide with the maximum of
cyclonic vorticity centres found in Hodges et al. (2003).
1.3.5 Key features of the North Atlantic storm track
Storm tracks are regions of high cyclone density found in the mid-latitude ocean basins
in both hemispheres. The North Atlantic storm track extends from the east coast of
North America to the west coast of Europe (Figure 1.8). The storm track indicates the
frequency distribution of many individual cyclone paths, and does not indicate a likely
length or trajectory for an individual cyclone track over its lifespan (Dacre and Gray,
2009).
The location and angle of the storm tracks relative to the Earth’s rotation are influenced
by the interaction between the atmosphere and major landmasses and orography. The
North Atlantic storm track can be considered to start downstream of the Rocky Moun-
tains of North America, with a region of intense cyclogenesis over the Gulf Stream in
the western North Atlantic (Hoskins and Valdes, 1990). The strong gradient of sea sur-
face temperature (SST) over the Gulf Stream creates a baroclinic environment which,
coupled with a high level of upper-tropospheric vorticity advection as created by the
airflow over and around the Rocky Mountains, generates optimal conditions for cyclo-
genesis. High rates of cyclogenesis are also observed downstream of Greenland, where
upper-tropospheric vorticity is generated by interaction with the high orography.
In a study of the northern hemisphere storm tracks based on Eulerian and system-centred
storm tracking techniques, Hoskins and Hodges (2002) identifies many of the key features
associated with the North Atlantic storm track. This study identifies the importance
of the confluence of thermal anomalies, with the interaction of cold air masses from the
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Figure 1.8: The North Atlantic storm tracks. Contours are track density every 2
cyclones / 106km2month−1. White arrows indicate likely directions of propagation
relative to point of cyclogenesis. From Dacre and Gray (2009), Fig. 5. © American
Meteorological Society. Used with permission.
Canadian Arctic and the northward flow of warm waters from the subtropical North
Atlantic being essential for the genesis of North Atlantic storms.
Cyclogenesis mechanisms vary spatially within the North Atlantic storm track, and this
changes the structure of cyclones commonly found in different regions of the North
Atlantic. Gray and Dacre (2006) developed an objective method to classify extratrop-
ical cyclones by the conditions of their genesis and development, using classifications
analogous with the subjective threefold classification scheme described in Section 1.3.2.
Using the method of Gray and Dacre (2006), Dacre and Gray (2009) describes the char-
acteristics of cyclones originating in various regions of the North Atlantic, using a an
objective feature tracking method based on ∇θw (Hewson, 1997). It was found that
the distribution of type “A”, “B” and “C” cyclones (see Section 1.3.2 for descriptions)
varied between the western- and eastern- North Atlantic, distributed as per Table 1.1.
Cyclones affecting western Europe were found predominantly to originate in the eastern
North Atlantic, where baroclinicity and sea surface temperature gradients are weaker
than in the western North Atlantic. A higher prevalence of type C cyclones was found in
the eastern North Atlantic, associated with frontal cyclogenesis, and a higher proportion
of type A cyclones in the western North Atlantic, associated with baroclinic cyclogenesis.
Introduction 18
A B C
West 24% 51% 25%
East 11% 50% 39%
Table 1.1: Spatial distribution of cyclone classifications in the North Atlantic (Dacre
and Gray, 2009)
Wernli and Schwierz (2006) found that most of the extratropical cyclones which track
over western Europe originate in the east Atlantic region, with only 10–20% of cyclones
crossing the UK originating in the western North Atlantic. This finding was confirmed
by Dacre and Gray (2009) (see Figure 1.8 for schematic). This leads to the hypothesis
that since this corresponds to a lysis region for west Atlantic cyclones, many of the
storms tracking across western Europe may have formed on the trailing fronts of mature
west Atlantic cyclones. This hypothesis is supported by their findings of higher relative
vorticity at the point of genesis in the east Atlantic than the west Atlantic, indicating
that vorticity may have been advected by the passage of a previous cyclone. Dacre and
Gray (2009) also demonstrates that cyclones originating in the eastern North Atlantic
tend to be shorter-lived and intensify more rapidly than cyclones developing over the
western North Atlantic. In addition, as per Table 1.1, the majority of cyclones devel-
oping in the eastern North Atlantic were found to be types “B” and “C”, indicating
that upper-level vorticity advection and mid-tropospheric latent heat release are more
important for development in this region than lower-level baroclinicity.
1.4 Importance of cyclones and fronts for precipitation
A large proportion of accumulated precipitation in the UK is generated by extratropical
cyclones and fronts. As discussed in Section 1.2, North Atlantic storms are associated
with a large proportion of extreme UK rainfall events on time-scales of approximately
six hours to three days (Hand et al., 2004), whereas convective storms are predominantly
associated with shorter duration events. Convective precipitation occurs predominantly
in the summer months in England and Wales, and leads to short-duration, high-intensity
precipitation events. Conversely, extratropical cyclones occur predominantly in the win-
ter months in England and Wales, and usually generate long-duration, lower-intensity
precipitation events.
Several methods have been employed to identify the source of precipitation in the North
Atlantic and Europe, primarily with the objective of quantifying the contribution of
extratropical cyclones and fronts to climatological mean precipitation and precipitation
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Figure 1.9: Percentage of climatological precipitation associated with an extratropical
cyclone, in (top) ERA-Interim, (bottom) GPCP. Storms identified using Hodges (1994,
1995) algorithm on ξ850. From Hawcroft et al. (2012), Fig. 3.
extremes. Hawcroft et al. (2012) identifies storms in ERA-Interim using the Hodges
(1994, 1995) method on ξ850, and assigns precipitation within a radial cap of 5/10/12
◦
(extreme storms/DJF/JJA respectively) of the tracked storm, thus creating a storm-
centric method. Precipitation contribution from cyclones is found to be sensitive to the
size of the radial cap used, introducing some uncertainty to the total cyclone precipi-
tation contribution statistics. However, good agreement in total storm contribution is
found between ERA-Interim and GPCP for the northern hemisphere storm tracks, and
storms with a high peak precipitation intensity are found to produce disproportionately
more precipitation throughout their lifetimes than storms with lower peak precipitation
intensities. The authors speculate that this higher precipitation contribution from in-
tense storms may be of relevance in future climate scenarios, as there is some indication
that extratropical storms may become more intense, but less frequent, under a warming
climate (e.g. Held 1993; Trenberth et al. 2003; Zappa et al. 2013b).
Pfahl and Wernli (2012) investigated the relevance of cyclones for extreme precipita-
tion, utilising a cyclone tracking algorithm which estimates the area of extratropical
cyclones based on closed MSLP (mean sea level pressure) contours. Approximately 60%
of 99th percentile precipitation events (calculated per grid cell in ERA-Interim) were
associated with extratropical cyclones in the North Atlantic storm track region. This is
considered to be an unlikely association rate in reality, as the majority of precipitation
accumulated in the North Atlantic storm track region is linked to extratropical cyclones
and their fronts. The region of highest association rates extends rather to the north
of the region of Western Europe which is regularly affected by extratropical cyclones,
Introduction 20
Figure 1.10: The proportion of 6-hourly ERA-Interim extreme precipitation events
associated with fronts (1979–2011) for (a) JJA and (B) DJF. Regions where the link
between fronts and precipitation is not statistically highly significant for that season
are blanked out in which and high orography is blanked out in grey. From Catto and
Pfahl (2013), Fig. 4.
which may be due to the lack of inclusion of front tracking, thus discounting the role of
trailing fronts on precipitation extremes. Use of MSLP as a cyclone tracking metric also
favours large, mature storms and quasi-stationary low pressure regions such as the Ice-
landic Low. It is also rather insensitive to small, developing cyclones which may produce
extreme levels of precipitation in the eastern North Atlantic (e.g. Dacre and Gray 2009).
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Whilst previous studies had focussed on the contribution of storm centres to precipitation
accumulations, Catto et al. (2012) addresses the importance of fronts for precipitation.
Using an objective front identification algorithm (Berry et al., 2011) on a thermal front
parameter (Renard and Clarke, 1965; Hewson, 1998), combined with precipitation data
from GPCP (Huffman et al., 1997), a global climatology of front-associated precipita-
tion was developed. When precipitation is taken to be associated with a front given
the presence of an objectively identified front within a surrounding 5◦ grid box, 90%
of precipitation within the storm tracks was found to be related to a front. Catto and
Pfahl (2013) expands on this analysis by investigating the role of fronts and cyclones,
tracked using the Wernli and Schwierz (2006) method on closed MSLP contours, on
the generation of extreme precipitation. A strong correlation was identified between
the intensity of a front (as measured by the gradient of wet bulb potential temperature
on the 850 hPa surface, Θw(850), across the front), and the intensity of precipitation
near that front. A seasonal cycle in the importance of fronts to precipitation extremes
was found, with lower association rates identified in JJA in the northern hemisphere
(Figure 1.10), likely to be associated with the increased rate of extreme precipitation
events generated by convective systems in the summer months. In total, however, less
than 10% of extreme precipitation events within the North Atlantic storm track were
identified as being associated with neither a front nor a cyclone, indicating a very high
importance of extratropical cyclones for precipitation extremes in this region.
It is important to note that the definition of “extreme” precipitation varies considerably
in the published literature, with little consistency between analyses. The extremity of
an event depends on the time-period of the event, its spatial scale, and its intensity rel-
ative to local climatology. Extreme events are often defined relative to climatology, as
events where precipitation exceeds a threshold percentile relative to the climatological
rainfall distribution for the area, season, and time-scale in question. Of studies which
use this method, the area concerned may vary from individual rain gauge stations (e.g.
Wilby et al. 2008) to a regional average (e.g. Pfahl and Wernli 2012; Beniston et al.
2007; Catto and Pfahl 2013), varying the properties of associated precipitation greatly.
Other studies use a Peaks-Over-Threshold method to identify extremes in a time-series
of precipitation data. Extreme precipitation events may be defined according to impact;
for example, precipitation which is associated with river catchment flooding (e.g. Wilby
et al. 2008; Lavers et al. 2011). This method is highly dependent on the nature of the
catchments in question, including its existing level of saturation. Furthermore, any of
these methods may be applied to temporally aggregated data, for example a running
sum or running mean. The definition of an “extreme” event therefore must be chosen
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carefully to yield useful results for the type of precipitation event being studied.
1.5 Climate change
One of the key questions surrounding almost every study of precipitation is “How might
this change in the future?”. There is no doubt that the climate is warming, and it is
extremely likely that the dominant cause of climate warming is human influence (Stocker
et al., 2013). As the Clausius-Clapeyron theorem indicates that a warmer atmosphere
allows for an increased saturation water vapour pressure (by ∼ 7% per ◦C under mean
atmospheric conditions), moisture availability in the atmosphere is expected to increase
on average, allowing increases in both mean and intense precipitation (Held and Soden,
2006). However, Allen and Ingram (2002) identified that in the CMIP2 (Coupled Model
Inter-comparison Project, Phase 2, Meehl et al. 2000) climate models the rate of increase
of precipitation with a warming climate is disproportionately skewed towards extreme
precipitation events. In the Allen and Ingram (2002) study, mean climate model precipi-
tation increased linearly by 3.5% per ◦C, whilst regions in the tropics where precipitation
accumulations are highest showed increases of up to 25% per ◦C. Altered thermodynam-
ics in the atmosphere also affects the position and intensity of the storm tracks, and it
is likely that northern hemisphere storm tracks will be affected, generating regional un-
certainties in precipitation projections. It is therefore vital to consider a wider range
of literature around the theory and implications of climate change to better understand
potential changes in precipitation events.
Recently, much analysis of climate projections has been performed under various emis-
sions scenarios to identify biases inherent inherent in the models. Analysis has been
performed using the CMIP5 (Taylor et al., 2012) ensemble of climate models, as well as
models from CMIP5’s predecessor, CMIP3 (Meehl et al., 2007). CMIP5 brings together
model data from 29 modelling groups worldwide, all of which have been used to run a
uniform set of experiments. This creates an ensemble of climate projections, with the
ability to inter-compare models from different agencies to evaluate their strengths and
weaknesses. Greenhouse gas concentrations for CMIP5 climate projections are provided
by four Representative Concentration Pathways (RCP2.6, RCP4.5, RCP6, RCP8.5) (van
Vuuren et al., 2011), where the number indicates the expected radiative forcing value
in Wm−2 in the year 2100, relative to pre-industrial values. The RCPs are intended
to relate to a range of likely anthropogenic greenhouse gas emissions scenarios, with
RCP2.6 representing rapid climate change mitigation and reduction of emissions, and
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RCP8.5 representing little to no change in future greenhouse gas emissions or mitigation
strategies.
1.5.1 Projected changes to North Atlantic cyclones and the storm
track
As discussed in Section 1.4, extratropical cyclones within the North Atlantic storm track
are the main source of precipitation across western Europe, and the England and Wales
region in particular. Regardless of the atmospheric moisture content under a future
climate, the location and intensity of the storm track is vitally important for under-
standing the regional precipitation response.
Held (1993) suggested that the weakening of the equator–pole temperature gradient
(caused by disproportionate warming in the polar regions due to loss of sea ice) could
induce a poleward shift in the storm tracks. The author noted, however, that this change
was most pronounced in models with highly simplified continents and topography. The
poleward shift of the storm tracks was also identified in CMIP3 by Yin (2005). This
poleward shift was identified most strongly in the upper troposphere. Pinto et al. (2007)
identifies a general decrease in mid-latitude cyclone track densities, with an increase in
track intensity over the British Isles, in an ensemble analysis of ECHAM5 using SRES
A1B, A2, and B1 scenarios. Ulbrich et al. (2008) identifies a poleward shift in some
regions (e.g. the North Pacific) in the CMIP3 models. However, this study was unable
to replicate the clear upper-level poleward shift observed by Yin (2005), and concludes
that the response of the storm tracks to climate change is sensitive to both the models
and the analysis method. Harvey et al. (2012) found little evidence of a poleward shift
in the wintertime storm tracks of the CMIP3 and CMIP5 ensembles (A1B and RCP4.5
scenarios respectively), with an increase in storm activity near the British Isles. In a
multi-model assessment of CMIP5 ensemble members, Zappa et al. (2013b) identified
a tri-polar response to climate change in the DJF North Atlantic storm track, with an
increased track density over the British Isles and a reduced track density over the Nor-
wegian Sea and the Mediterranean under RCP4.5 (Figure 1.11). Zappa et al. (2013b)
identified a poleward shift in the multi-model mean JJA North Atlantic storm track un-
der RCP4.5. The response of the location of the storm tracks to climate change therefore
varies by season and basin, but can be summarised in the North Atlantic as a poleward
shift in summer, and a tri-polar pattern in winter.
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Figure 1.11: Mean DJF track-density response (RCP4.5 minus HIST) computed for
the four models with the best representation of the location and tilt of the North
Atlantic storm track in CMIP5. Units are in number of cyclones per month per unit
area. Gray contours show the mean historical track density with isolines every four
cyclones per month per unit area. From Zappa et al. (2013b), Fig. 3. © American
Meteorological Society. Used with permission.
Zappa et al. (2013b) notes that the reduction in track density over the Norwegian Sea
and increase in track density over the British Isles is characteristic of storm track with
a reduced meridional tilt and an eastward extension, which is also the main pattern
of North Atlantic storm track bias within the CMIP5 models (Zappa et al., 2013a).
However, this spatial pattern is consistent when the analysis is performed only on those
models with the lowest bias to the storm track tilt (HadGEM2-ES, EC-Earth, MRI-
CGCM3; see Figure 1.12, models 13, 8, and 19 respectively).
In addition to the direction and location of the storm track, the intensity of individual
storms in the future climate is of importance. Measures of intensity vary greatly; many
studies use minimum MSLP or maximum ξ850 as metrics for intensity, which provide
information regarding the circulation of a storm, but not necessarily its ability to pro-
duce precipitation. Bengtsson et al. (2009) analysed a high-resolution climate model
(ECHAM5) for changes to the pressure, vorticity, wind speed and precipitation associ-
ated with extratropical cyclones, finding a small reduction on cyclone counts and a large
increase in the total accumulated precipitation per cyclone. Precipitation was also iden-
tified as coming disproportionately from extreme events, with an increase in intensity of
21.4% for 99th percentile events in the North Atlantic storm track. Zappa et al. (2013b)
shows that the mean CMIP5 precipitation response to the RCP4.5 scenario indicates
increased precipitation near the British Isles and north-western Europe in DJF, with a
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Figure 1.12: Latitudinal distribution of cyclone tracks for (a) DJF and (b) JJA at
(left) 60◦W and (right) 0◦. Each column corresponds to a CMIP5 model and the three
grey dashes indicate the 25th, 50th (median), and 75th percentiles of its latitudinal
distribution of tracks. The models can be identified by the labels on the x axis. Values
from ERA-Interim are displayed in the column with the black dashes. The 2σ confidence
intervals are also indicated by error bars for ERA-Interim. From Zappa et al. (2013a),
Fig. 4: © American Meteorological Society. Used with permission.
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weaker response in JJA. Li et al. (2014) identified that cyclones tend to produce more
precipitation in a warmer climate, but that this does not always affect their dynamical
intensity. This study also notes that moist processes are not always well represented
in climate models, leading to errors in the intensity of cyclones due to diabatic pro-
cesses. In an analysis of the dynamical intensity of extratropical cyclones in the A1B
and A2 scenarios of CMIP3, Della-Marta and Pinto (2009) found that the return period
of extreme cyclones as measured by minimum MSLP remained unchanged in the future
climate, whilst a large reduction in the return period of extreme cyclones as measured by
maximum ξ850 was identified. This highlights that measurements of dynamical intensity
in the future climate are likely to be sensitive to the method of analysis.
1.5.2 Projected changes to precipitation from extratropical cyclones
Under a warmer global climate, it is highly likely that global mean precipitation will
increase (Held and Soden, 2006), due to the increased availability of water vapour as de-
scribed by the Clausius-Clapeyron relationship, as described in Section 1.5. In CMIP5,
all models predict an increase in global mean precipitation ranging from 2% to 5%
by 2100 in RCP2.6 and RCP8.5 scenarios respectively (Stocker et al., 2013). Trenberth
et al. (2003) identifies that an increase in available moisture produces a non-linear storm
intensity increase, as the additional latent heat released acts to intensify the storm. This
increase in available moisture is considered to be robust across the CMIP3 climate model
ensemble projections (Held and Soden, 2006).
Whilst there is high confidence in an intensified water cycle in the future global climate,
there is much less confidence in regional projections of average precipitation, and lower
confidence still in regional projections of extreme precipitation (Allen and Ingram, 2002;
Huntington, 2006). Based on analysis of the CMIP3 models by Beniston et al. (2007),
supported by Lehtonen et al. (2014), Northern Europe is projected to become wetter
and Southern Europe drier, with less certainty around the central latitudes, including
the British Isles. Dai (2006) identifies an excessive drizzle relative to reanalysis in the
extratropical regions in a study of historical runs of 18 coupled climate models. This bias
is identified in historical runs of the CMIP5 models by Liu et al. (2014), when compared
with average precipitation over land from the CRU Global Land Precipitation Dataset
(Hulme, 1992; Hulme et al., 1998).
Under the RCP8.5 scenario, a robust increase in precipitation is projected to occur in
Northern Europe, and a robust decrease in precipitation is projected to occur in southern
Europe, for all seasons 2081–2100 (Stocker et al., 2013). A region of high uncertainty
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projected precipitation change is found near the flanks and exit region of the North
Atlantic storm track, including the British Isles. Projected precipitation changes are
higher in winter than summer in the northern hemisphere mid- and high-latitude regions.
Zappa et al. (2013b) finds that projected DJF precipitation increases across the British
Isles and much of Europe in the CMIP5 RCP4.5 experiment, with a strong signal-to-
noise ratio. An increase is also found in JJA, but with a lower magnitude and higher
uncertainty. Zappa et al. (2013b) finds that accumulated precipitation is predominantly
generated by more intensely precipitating cyclones in the RCP4.5 scenario than in the
historical model runs, with fewer weakly precipitating cyclones being identified in the
North Atlantic storm track.
1.6 Extratropical cyclone clustering and stalling in the
present and future climate
Clustering and stalling of extratropical cyclones are two mechanisms which may lead to
extreme rainfall accumulations. Several studies have addressed the nature of clustering
of extratropical cyclones in the North Atlantic storm track (e.g. Mailier et al. 2006;
Vitolo et al. 2009; Pinto et al. 2013, 2014, 2016; Priestley et al. 2016). Extratropical
cyclone clustering in western Europe is currently an area of interest for insurance com-
panies concerned with the cumulative risk of wind and flood damage. Clustering of
extratropical cyclones is discussed in Section 1.6.1. Although stalled, or slow-moving,
extratropical cyclones are known to be related to some severe flood events (Blackburn
et al., 2008; Met Office, 2012; Stadtherr et al., 2016), relatively little research has been
published which directly addresses causes of extratropical cyclone stalling in the North
Atlantic storm track, or the relationship between stalling and regional precipitation.
Stalling of extratropical cyclones is discussed in Section 1.6.2.
1.6.1 Clustering
The first mechanism by which cyclones may be expected to cluster, frontal wave cycloge-
nesis, was first described by Bjerknes and Solberg (1922). That the passage of one storm
may create ideal conditions for the creation of a second storm is an important concept
in the consideration of clustering. In recent years, extratropical cyclone clustering has
again come to prominence after large insured losses and damage to infrastructure caused
by storm clusters across maritime regions of western Europe.
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Mailier et al. (2006) modelled storm transits statistically by monitoring the passage of
storms identified in the NCEP-NCAR reanalysis (Kalnay et al., 1996) using the Hodges
(1994, 1995) tracking scheme on ξ850 across ±10◦ meridional gates. Each transit was con-
sidered to be a point process. Cyclone transits were modelled according to a dispersion
statistic derived from the Poisson process as follows.
For a Poisson distributed process with fixed rate λ, the probability of number N of
events occurring during a time interval ∆ t is given by:
P (N = n) =
(λ∆ t)ne−λ∆ t
n!
, n = 0, 1, 2, ... (1.1)
and the index of dispersion (φ) is given by:
φ =
V ar(N)
E(N)
(1.2)
where E(N) and Var(N) are the mean and variance of N respectively. Where cyclone
transits are distributed according to a homogeneous Poisson process, φ = 1. Where
cyclone transits are over (under-) dispersed, φ > 1 (φ < 1). Therefore the dispersion
statistic ψˆ may be defined such that:
ψˆ = φˆ− 1 = s
2
n
n¯
− 1 (1.3)
For each grid point, Mailier et al. (2006) calculated a dispersion statistic ψˆ was calcu-
lated per Equation 1.3 (where s2n is the sample variance of monthly total cyclone transits,
and n¯ is the sample mean). This dispersion statistic was modelled against a Poisson
process (Cox and Isham, 1980) with constant rate, signifying a purely random process.
In locations where ψˆ > 0, the passage of cyclones is found to be over-dispersed with re-
spect to a fixed-rate Poisson process, indicating that passage are more clustered than a
purely random process. Conversely, where ψˆ < 0, cyclone passages are under-dispersed
with respect to a fixed-rate Poisson process, indicating that passages are more regular
than a purely random process.
By comparing the dispersion statistic for a given grid point with a fixed-rate Poisson pro-
cess, Mailier et al. (2006) was able to identify regions of more regular or more clustered
storm transit than a purely random process. The entrance region of the North Atlantic
storm track was identified as a region of highly regular storm transit, whilst the exit
region of the North Atlantic storm track was identified as a region of highly clustered
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Figure 1.13: Storm dispersion at North Atlantic storm track (a) entrance, (b) exit
regions, December 1990 – March 1991. From Mailier et al. (2006), Fig. 6. © American
Meteorological Society. Used with permission.
storm transit (Figure 1.13). The majority of clustering was attributed to variations in
the large-scale flow causing cyclones to group as they transit the Atlantic from west to
east, with a smaller amount of clustering being due to cyclogenesis in the eastern North
Atlantic. However, as per Dacre and Gray (2009), the majority of intense cyclones that
affect the UK are generated in the eastern North Atlantic, which may increase the rele-
vance of the latter mechanism for more damaging clusters of storms in this region. The
modelling of cyclone transits as point processes is a highly useful method for statistical
analysis; however, extratropical cyclones are large (radius ≈ 1, 000 km) features with
highly asymmetrical precipitation distributions. These considerations must be made
before conclusions are drawn with regards to the influence of clustering on precipitation
events in a given region.
The work of Mailier et al. (2006) was expanded on by Vitolo et al. (2009), using the
same data and dispersion statistic to investigate the effect of cyclone intensity on se-
rial clustering. Clustering is found to increase considerably for more intense cyclones
(where an “intense cyclone” is defined as one with a relative vorticity at 850 hPa (ξ850)
greater than the 80thpercentile of climatological ξ850 at that grid-point), and is found
to be highly sensitive to the size of the “gate” across which cyclones are tracked. The
increased clustering for intense extratropical cyclones was found to be greatest near the
exit region of the North Atlantic jet; a region which affects north-western Europe and
the British Isles. This indicates that for England and Wales we may expect clustered
storms to be especially intense in terms of relative vorticity.
Relative vorticity is a useful measure of cyclone activity, but is not directly related
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to precipitation intensity. Indeed, a less intense extratropical cyclone with access to a
continuous supply of moist air may precipitate more heavily than a fast-rotating extra-
tropical cyclone with poor access to moisture. To date, no studies have investigated the
link between clustering and precipitation intensity, leaving a gap in the research that
could usefully be addressed.
Pinto et al. (2013) applies the dispersion statistic (Equation 1.3) to a range of reanalysis
products and climate models, to verify the conclusions of Mailier et al. (2006) and Vi-
tolo et al. (2009), to test the robustness of the observed clustering patterns to different
reanalysis products, and to investigate the likelihood of changes to clustering behaviour
under future climate conditions. The dispersion statistic methodology was applied to
three reanalysis products (NCEP/NCAR 50-year reanalysis, Kistler et al. 2001; ERA-40
(Uppala et al., 2005); ERA-Interim, Dee et al. 2011), with cyclones tracked using the
Murray and Simmonds (1991) method on MSLP. All three reanalysis products yielded
serial regularity in the western North Atlantic, with serial clustering in the eastern North
Atlantic. Clustering was found to be greater for intense cyclones (minimum core pres-
sure > 95th percentile). This indicates that the observed clustering patterns are robust
in multiple reanalysis products and with two cyclone tracking methodologies.
Future climate scenarios are also addressed in Pinto et al. (2013), using an ensem-
ble of simulations using the coupled ECHAM5/MPI-OMI General Circulation Model
(GCM) forced with historical conditions for 1860–2000 (20C) and the Special Report
on Emissions Scenarios (SRES) A1B scenario for 2001–2100. A single-model ensemble
was chosen to evaluate the statistical robustness of this method, rather than to specifi-
cally evaluate climate sensitivity. The GCM was found to represent historical clustering
patterns well, but with a zonal bias to the storm track (consistent with larger studies
of climate model synoptic-scale features such as Zappa et al. 2013a). Future changes to
clustering behaviour were not found to be statistically significant.
Further analysis of the ability of climate models to represent the serial clustering of
extratropical cyclones was performed by Economou et al. (2015), bringing the work of
Pinto et al. (2013) up to date with the use of a CMIP5 model ensemble of 17 mem-
bers, using the RCP4.5 scenario. Most models were able to qualitatively represent the
250-hPa jet axis, and dispersion statistic patterns for tracks identified using the Hodges
(1994, 1995) method on ξ850. Little agreement was identified between the models with
respect to the sign and location of spatial trends in dispersion statistic, indicating a low
level of confidence in the effect of climate change on serial clustering of extratropical
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cyclones. Future changes in serial clustering of extratropical cyclones were found to be
small, with a large sampling uncertainty between models.
A specific focus on the dynamical situations behind extratropical cyclone clustering af-
fecting the British Isles is presented in Pinto et al. (2014). Using ERA-Interim (Dee
et al., 2011) data for 1980–2012, Rossby wave breaking events were identified based
on potential temperature, θ, on the 2 Potential Vorticity Unit surface (the dynami-
cal tropopause). Storm tracks were identified using the Murray and Simmonds (1991)
method, as per Pinto et al. (2013), and storms affecting the British Isles were identified
using a 700-km radius around 55◦N, 5◦W. Clustering episodes were defined as peri-
ods with four or more consecutive cyclones within a seven-day period, with four winter
months identified as clustered, with four or more 95th percentile cyclones. A stable,
intensified jet was identified during all analysed clustering periods, and it is hypothe-
sised that higher wind speeds may create the conditions for development, amplification,
and rapid propagation of an unusually large number of intense extratropical cyclones.
Double-sided Rossby wave breaking is identified as a factor in maintaining the jet in this
state.
Further analysis of the mechanisms behind clustering at the exit region of the North At-
lantic storm track is provided by Priestley et al. (2016). Using the method of Pinto et al.
(2013, 2014) applied to ERA-Interim, clustering events within 700 km of 55◦N, 5◦W are
found to be strongly associated with an anomalously strong, extended jet stream flanked
by double-sided Rossby wave breaking events. The extent of the clustering event was
found to be positively correlated with the 250 hPa wind speed. When clustering is anal-
ysed near 65◦N at the same longitude, Rossby wave breaking on the right side of the
jet exit predominates; conversely, when clustering is analysed near 55◦N on the same
longitude, Rossby wave breaking is stronger on the north side of the jet exit. Rossby
wave breaking is found to peak two days before clustering events, intensifying the jet
stream at 250 hPa.
Pinto et al. (2014) analysed the previously discussed periods of intense cyclone cluster-
ing subjectively using surface maps to identify the existence of secondary cyclogenesis.
Secondary cyclone development was identified in all of the periods analysed, and in all
cases the secondary cyclone developed in the right-entrance region of the jet stream as
the parent cyclone was occluding. This appears to indicate that intense extratropical
cyclone clusters are generated by a combination of a dynamical situation with a quasi-
stationary, zonal, intense jet stream, often maintained by double-sided Rossby wave
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breaking, and secondary cyclogenesis occurring across the jet exit region.
The sensitivity of the dispersion statistic to the choice of tracking method used was
analysed in Pinto et al. (2016), using ERA-Interim data with cyclone tracks identified
by members of the IMILAST project (Neu et al., 2013), with the addition of the Hodges
(1994, 1995) method. All tracking methods were able to represent the general features
of the dispersion statistic spatial patterns. Quantitative differences exist between the
methods, but this is largely attributed to variation in the total storm frequency between
the methods, rather than the variance. This indicates that, despite using different track-
ing methodologies, the findings of the previously discussed studies concerning the dis-
persion statistic of extratropical cyclone frequency in the North Atlantic are comparable.
Although a substantial amount of research has been performed to investigate the na-
ture of extratropical cyclone clustering in the North Atlantic in the present and future
climate, the focus of research has been on wind storm risk, where the risk of natural
hazards related to clustering has been considered. Due to the existence of trailing fronts,
areas at risk from precipitation extremes from extratropical cyclones may be located a
large distance from the cyclone centre. It is therefore not sufficient only to analyse
clustering of cyclone centres when evaluating the risk from accumulated precipitation.
Further research into the influence of clustering on precipitation accumulations would
be beneficial, and should use spatial information to identify risk areas that are distant
from the cyclone centre.
1.6.2 Stalling
In comparison to clustering, relatively little research has been published which addresses
the climatology and causes of stalled extratropical cyclones, despite such cyclones fre-
quently being referenced in association to extreme precipitation accumulations and flood-
ing events (e.g. Hand et al. 2004, Blackburn et al. 2008). In relation to the 2007 UK
floods, Blackburn et al. (2008) identified the cause of several periods of prolonged rainfall
as being stalled extratropical cyclones due to a quasi-stationary global Rossby wave pat-
tern of wavenumber n = 6. A similar scenario was identified by Stadtherr et al. (2016)
in relation to the 2014 Balkans floods, which were caused by a Mediterranean cyclone
which stalled for a period of four days over the Balkans. This stalling was attributed
to a quasi-stationary wavenumber 6 pattern. Stadtherr et al. (2016) indicated that this
wave pattern was similar to the situation described by Petoukhov et al. (2016), whereby
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quasi-resonant amplification of planetary waves of wavenumber 6-8 may occur.
A quasi-stationary wave pattern that acts to resist the movement of extratropical cy-
clones is identified in several individual flooding events. However, no systematic eval-
uation of the mechanisms behind stalling of extratropical cyclones near England and
Wales, or of the impact on precipitation due to these cyclones, has yet been performed.
Research into stalling patterns and mechanisms in extratropical cyclones could yield
valuable information applicable to industrial and policy uses. Additionally, the spatial
asymmetry of precipitation associated with extratropical cyclones has not been consid-
ered in research to date, and relating our existing knowledge of clustering patterns in
extratropical cyclones to the impact on extreme precipitation events (which may be as-
sociated with distant extratropical cyclones) would be of great practical value.
1.7 Thesis structure and aims
Precipitation extremes are of great importance to society, and extreme rainfall accumu-
lations from extratropical cyclones are of especially high importance given their ability
to generate flooding over very large regions. This thesis therefore aims to investigate the
relationship between clustering and stalling of North Atlantic storms, and precipitation
extremes over time-scales from 1–31 days in England and Wales, both in the recent
historical record and in the future climate. The following questions are addressed:
1. How well are historical England and Wales precipitation events represented in
reanalyses?
2. What is the best way to associate precipitation with extratropical cyclones?
3. To what extent is precipitation in England and Wales influenced by clustering and
stalling of extratropical cyclones?
4. How well do climate models represent observed relationships between extratropical
cyclones and England and Wales precipitation events?
5. How can we expect extreme precipitation events caused by extratropical cyclones
to change in the future?
The rest of this thesis is structured as follows:
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Chapter 2: The data and methods that have been used are described.
Chapter 3: We address the question of how well reanalysis products represent extreme
England and Wales precipitation events. The work presented in this chapter has been
published in a peer reviewed journal (Rhodes et al., 2015).
Chapter 4: The development of a new method (“CPA”) for objectively associating
cyclones with precipitation events in gridded data will be discussed.
Chapter 5: The CPA method is applied to ERA-Interim, and the nature of historical
clustering and stalling is considered.
Chapter 6: The CPA method is applied to HadGEM2-ES (Historical experiment),
to better understand the ability of HadGEM2-ES to represent features of clustering /
stalling and England and Wales precipitation events that are observed in the historical
record.
Chapter 7: The CPA method is applied to HadGEM2-ES (RCP8.5 experiment), to
evaluate potential changes in the mechanisms leading to clustering / stalling of rain
storms, and the relationship between clustering / stalling and England and Wales pre-
cipitation events under a high-emissions future climate scenario.
Chapter 8: The results of this thesis will be discussed, and conclusions drawn. Possible
avenues of future research are proposed.
Chapter 2
Data and Methods
The questions posed in Chapter 1 require the analysis of atmospheric data from obser-
vation, reanalysis and climate model datasets. In this chapter, the tools and datasets
used to address these questions are discussed. Observed precipitation data are discussed
in Section 2.1. Reanalysis products that have been used in this study are discussed in
Section 2.2. The HadGEM2-ES climate model is introduced in Section 2.3. The objec-
tive feature tracking method used to identify extratropical cyclones in reanalysis and
climate model data is described in Section 2.4. Finally, the method used to identify
extreme events in precipitation time-series is explained in Section 2.5.
2.1 Observational datasets
To understand the nature of precipitation in England and Wales, and to evaluate the
output of reanalysis products, historical precipitation observations are required. For
this study, daily precipitation data from a rain-gauge based dataset is used for statistical
analysis and the identification of regional extreme precipitation events, and data derived
from a merged satellite and rain-gauge product are used for evaluation of the spatial
distribution of precipitation in reanalyses.
2.1.1 England and Wales Precipitation (EWP)
HadUKP (Hadley Centre UK precipitation, Alexander and Jones 2000) is a series of
precipitation datasets that provides area-average precipitation accumulations for the
United Kingdom, subdivided into irregular regions according to the regional qualities of
precipitation. HadUKP incorporates the EWP (England and Wales Precipitation) se-
ries, which provides the longest-running instrumental precipitation record in the world
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(Met Office Hadley Centre, 2017). Daily precipitation accumulations for EWP are de-
rived from station observations from the Met Office Integrated Data Archive System
(MIDAS, Met Office 2013), and are available from 1931-present.
To account for spatial variability between rain gauge sites, each daily gauge measure-
ment is scaled by the ratio of the station monthly mean to the regional monthly mean
(Alexander and Jones, 2000). This method attempts to compensate for the localised
mechanisms which can bias individual gauges relative to the surrounding region. Crox-
ton et al. (2006) investigates the quality of EWP data by comparison with observations
from 24 surface stations from around the UK. A high correlation is found with all stations
in England and Wales, with Scottish and Northern Irish stations reporting lower corre-
lations, as should be expected given the spatial extent of EWP. Several stations were
found to report significantly over or under the value reported by EWP but correlation
coefficients remained high. The EWP daily period is 0900-0859 UTC.
2.1.2 Global Precipitation Climatology Project (GPCP)
GPCP (Huffman et al., 1997) is a satellite- and rain gauge-derived gridded precipitation
dataset. Precipitation is highly spatially variable, so satellite data are used to enhance
the spatial representation of precipitation over land, and to estimate precipitation over
the oceans, where gauge data are unavailable. Gauge observations obtained from the
Global Precipitation Climatology Centre (GPCC) used to constrain satellite precipita-
tion observations over land. The GPCC observations are considered to be reliable, but
only provide point estimates of precipitation over land. Satellite observations over the
extratropics are based on Special Sensor Microwave/Imager (SSM/I) data from Defence
Meteorological Satellite Program satellites in sun-synchronous low-earth orbit, which
produce average temporal sampling rates of 1.2 images day−1 (Huffman et al., 1997).
Additional, higher temporal frequency observations are obtained from infra-red imaging
instruments on board geostationary satellites; however, infra-red imagery is primarily
useful for identifying precipitation from deep convection in the tropics. Observations are
heavily weighted towards rain gauges where data are available, and is combined with
ground-calibrated satellite observations where gauge data is sparse.
Data from GPCP are available at daily resolution on a 1◦ grid, between 1996-present
(Huffman et al., 2001). A low bias in precipitation over the high-latitude oceans was
identified in merged satellite and rain gauge derived precipitation datasets by Adler
et al. (2001), believed to be due to the high reliance on SSM/I data in these regions.
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However, near land masses where precipitation rates are strongly constrained by gauge
observations, GPCP is considered to provide a good representation of rainfall distribu-
tion.
2.2 Reanalysis
Reanalyses provide a best estimate of the historical state of the atmosphere, based
on assimilation of meteorological observations. A consistent data assimilation scheme is
used throughout the re-analysed time period to create temporally homogeneous datasets
(Trenberth et al., 2008), which provide a range of meteorological data on a global grid. In
most reanalysis products, the range of observations to be assimilated into the reanalysis
changes through time, as new technologies become available, and as observing networks
begin or cease collection of data. Changes to the sources, locations and quantity of obser-
vations is therefore a common source of temporal inhomogeneity in reanalysis products
(Sterl, 2004).
Most variables are constrained by observations; however, the hydrological cycle is gener-
ated by a short-term forecast model. The characteristics of the forecast model can alter
the quality of the forecast variables (Parker, 2016). In particular, a forecast spin-up
period is common, causing poor estimation of precipitation accumulations (Hawcroft
et al., 2012; De Leeuw et al., 2015). It is therefore necessary to use caution when using
reanalysis products for studies involving the hydrological cycle. As such, the quality
of precipitation representation in two reanalysis products over England and Wales is
evaluated further in Chapter 3.
2.2.1 NOAA-CIRES Twentieth Century Reanalysis
20CR is a global reanalysis product covering the period 1871-2012 (Compo et al., 2011).
To limit the temporal inhomogeneity generated by the changing availability of me-
teorological observations, only surface pressure and monthly sea surface temperature
(SST) observations are assimilated. The assimilation uses an Ensemble Kalman Filter
(Whitaker and Hamill, 2002) at six-hourly intervals. Data are output at T62 resolution
(∼2.0◦ in latitude and longitude) with 28 vertical levels. There are few publications to
date discussing the performance of the precipitation field of 20CR. Zhang et al. (2013)
demonstrated a good performance when compared with other reanalysis projects over
southern Africa; however, representation of precipitation in the northern hemisphere
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extratropics has not yet been evaluated in the published literature.
Precipitation data in 20CR is output in the form of a precipitation rate averaged
over three-hourly periods. A preliminary analysis performed for this study highlighted
that the global-mean ensemble-mean precipitation rate oscillates every three hours by
∼0.5mm/day (∼20% of the total mean precipitation rate). Precipitation rates were found
to be lower at the times of data assimilation (0000, 0600, 1200, 1800 UTC) than at the
three-hourly forecast times (0300, 0900, 1500 and 2100 UTC). This implies that spin-up
period of the forecast precipitation exists in 20CR. Precipitation rates were therefore
taken from forecasts at 0300, 0900, 1500 and 2100 UTC to form a dataset of daily
precipitation accumulations.
2.2.2 ECMWF Reanalysis (ERA) Interim
ERA-Interim (ERA-I) (Dee et al., 2011) produces output gridded at T255 resolution
(∼0.7◦ in latitude and longitude), with 60 vertical levels. Data are available from 1979–
present (with a two to three-month delay for quality assurance). Observations are as-
similated using a 4D-VAR data assimilation scheme at 0000 UTC and 1200 UTC. Model
forecast parameters (e.g. precipitation accumulations) are produced at six-hourly inter-
vals out to 36 hours (Dee et al., 2011). The precipitation field is known to suffer from
spin-up errors at short lead times (K˚allberg, 2011), although estimates of the severity
of this spin-up error vary (Hawcroft et al., 2012; De Leeuw et al., 2015) and the effect
of spin-up on precipitation is known to vary greatly by geographical region (K˚allberg,
2011). Good results have been obtained using precipitation forecasts at lead times of
6–12 hours (De Leeuw et al., 2015) and 18–30 hours (Hawcroft et al., 2012; De Leeuw
et al., 2015). Due to the 0900–0900 UTC timing of the EWP data, daily data were
generated for ERA-I based on the same timings, using sub-daily data. To account for
the aforementioned forecast spin-up, daily data were created using sub-daily forecast
data at lead times of 18–30 hours from both the 0000 and 1200 UTC analyses. Since
forecasts are produced on a 6-hour timestep, a constant rate was assumed between 0600
and 1200 UTC to derive daily precipitation accumulations commencing at 0900 UTC.
Precipitation from ERA-I has previously been evaluated against EWP over England and
Wales, and found to systematically underestimate precipitation by approximately 22%
on average (De Leeuw et al., 2015). A greater degree of underestimation of daily pre-
cipitation accumulation is found for the lower 10th percentile of events in ERA-Interim
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relative to EWP. In the upper 10th percentile, the underestimation of daily precipita-
tion accumulations in ERA-Interim reduces slightly. For daily accumulations above the
90th percentile ERA-Interim shows approximately 17% underestimation with respect
to EWP. However, the De Leeuw et al. (2015) analysis describes only the frequency
distribution of daily precipitation accumulation within the two datasets and does not
investigate the ability of the reanalysis to accurately represent the timing of extreme
events.
2.3 Climate models
To address the question of how clustering and stalling of extratropical cyclones is likely
to affect England and Wales precipitation events in the future climate, a coupled climate
model from the Coupled Model Intercomparison Project Phase 5 (CMIP5; Taylor et al.
2012) is analysed. HadGEM2-ES was selected for this project due to the quality of
its representation of the location and direction of the North Atlantic storm track (see
Section 1.5.1).
2.3.1 HadGEM2-ES
HadGEM2-ES (Hadley Centre Global Environment Model - Earth System) is a coupled
climate model which incorporates dynamic vegetation, ocean biology and atmospheric
chemistry (Collins et al., 2008). This model is part of the CMIP5 intercomparison
project which promotes coordinated experiments using 56 coupled climate models from
29 modelling groups (Taylor et al., 2012).
The HadGEM2 family of models are configurations of the Met Office Unified Model
(Easterbrook and Johns, 2009) for climate modelling on centennial time-scales. HadGEM2
can be configured in four levels of complexity (Martin et al., 2011), as shown in Fig-
ure 2.1. The Earth System configuration (HadGEM2-ES) is used in this thesis, which
includes components for troposphere, land surface and hydrology, aerosols, ocean and
sea ice, terrestrial carbon cycle, ocean biogeochemistry, and tropospheric chemistry. A
well-resolved stratosphere is not included in the ES configuration due to the prohibitive
computational cost of climate model runs on with such a high level of complexity (Mar-
tin et al., 2011).
Output from HadGEM2-ES is supplied on a 1.25◦×1.875◦ latitude/longitude grid, with
38 vertical levels extending to approximately 40 km altitude. HadGEM2-ES is intended
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Figure 2.1: Processes used in the HadGEM2 model family. From Martin et al. (2011),
Fig. 1.
to make improvements against its predecessor, HadGEM1, through improved represen-
tation of physical processes; the resolution is identical between the two models. The
presence of the Earth System components remove the need for any artificial corrections
to the carbon cycle, which were present in HadGEM1 (Collins et al., 2008).
CMIP5 models are used to run a suite of standardised experiments. In this thesis,
the Historical and RCP8.5 experiments are used. The Historical experiment covers
the period 1860–2005, using forcings from historical records including greenhouse gases,
aerosols, volcanic and solar activity (Jones et al., 2011). This experiment is used primar-
ily for model evaluation, and in this thesis will be analysed for its representation of key
properties of clustering and stalling in association with England and Wales precipitation
events in comparison with ERA-I.
Future projections are modelled using Representative Concentration Pathway (RCP)
experiments (Moss et al., 2010; van Vuuren et al., 2011), initiated from the model state
at 2005 in the Historical run (Jones et al., 2011). The RCPs are a set of scenarios which
provide trajectories of emissions, atmospheric greenhouse gas concentrations, and land
use in the twenty-first century. Four RCPs are used in CMIP5 experiments, which culmi-
nate in radiative forcing levels of 2.6, 4.5, 6 and 8.5 Wm−2 by 2100. RCP2.6 represents
a scenario with a high level of mitigation leading to a very low forcing level; RCP4.5 and
RCP6 represent mid-range scenarios, and RCP8.5 represents a scenario with increasing
greenhouse gas emissions over time, leading to very high radiative forcing by 2100 (van
Vuuren et al., 2011). RCP8.5 has been selected for evaluation in this thesis, as the high
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radiative forcing is likely to amplify any climate change signal observed.
Whereas the North Atlantic storm track extends from west to east with a prominent
south-west to north-east tilt, Zappa et al. (2013b) found that many members of the
CMIP5 project generate a storm track that is too zonal in nature. HadGEM2-ES is
one of the models that best represents the direction of the North Atlantic storm track
(Figure 1.12). In particular it very accurately represents the location of the storm track
at the prime meridian, where extratropical cyclones may be expected to have the largest
impact on England and Wales. Martin et al. (2011) also finds that HadGEM2-ES rep-
resents the North Atlantic storm track well with respect to ERA-40, when analysed
using the Blackmon (1976) band-pass filter method to identify the storm tracks (see
Section 1.3.4). HadGEM2-ES was selected as the preferred climate model for this anal-
ysis due to the high quality of its representation of the location and intensity of the
North Atlantic storm track, as analysed by Zappa et al. (2013a,b).
The representation of extratropical cyclone clustering in a selection of CMIP-5 models
was analysed by Renggli and Zimmerli (2016). Good agreement was found between
this selection of models in terms of number of storms per winter season (DJF), with a
mean distribution closely following that of 20CR between 1871–2010. Greater variation
was found in correlation between the dynamical intensity of storms within individual
seasons, but all models were able to reproduce an increased mean dynamical intensity
for cyclones in seasons where a single intense (10 year return period or greater) storm
has been identified. These results indicate that distribution of cyclone counts per season
is well represented across CMIP5 models, and that CMIP5 models are able to identify
the observed phenomenon by which intense cyclones are found to cluster more strongly
than weaker cyclones.
To evaluate the ability of HadGEM2-ES to represent clustering and stalling patterns
associated with England and Wales precipitation events in the present climate, the His-
torical experiment was selected for comparison with reanalysis data. For future climate
projections, the RCP8.5 experiment was chosen. This represents a high emissions sce-
nario, and is likely to show the greatest response to climate change. However, responses
of the atmosphere to a warming climate are non-linear, so it should be noted that other
RCP scenarios may yield different results. At the time of analysis, complete sub-daily
wind and precipitation data were only available for the r2i1p1 and r1i1p1 ensemble mem-
bers (Historical and RCP8.5 experiments respectively) for the analysis period required
(Historical 1980–2005, RCP8.5 2080–2099), so analysis was performed using only these
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ensemble members.
For evaluation of the climate model against reanalysis, the period of greatest overlap
between ERA-Interim and the Historical experiment of HadGEM2-ES was selected,
giving a 25-year period: 1980–2005. For evaluation of the future climate projection, the
final 20 years of the 20th and 21st centuries were selected (1980–1999 and 2080-2099
for Historical and RCP8.5 respectively), giving an identical number of years in both
experiments.
2.4 Extratropical cyclone tracking
Objective identification of extratropical cyclones in reanalyses and climate models is a
non-trivial problem. Extratropical cyclones are of irregular shape and size, with large
variance in propagation speed. Additionally, extratropical cyclones can split and merge
with other cyclones (Neu et al., 2013). As such, no commonly-agreed definition of an
extratropical cyclone exists. As discussed in Section 1.3.4, numerous feature tracking
methods are used in the existing literature, the majority of which identify extratrop-
ical cyclones as either local minima of mean sea level pressure (MSLP) or ∇2MSLP,
or local maxima of relative vorticity at 850 hPa (ξ850). The IMILAST project (Neu
et al., 2013) provides an inter-comparison of 15 commonly used tracking schemes (not
including Hodges 1994, 1995) and has evaluated the characteristics of the northern-
and southern-hemisphere storm tracks as represented in each scheme in its most com-
monly used configuration. A large amount of variation is identified between the tracking
schemes, particularly in terms of the magnitude of seasonal variation in the storm tracks.
As no “best track” database exists, the quality of each tracking scheme is largely sub-
jective. In an analysis of the representation of extratropical cyclone clustering in the
North Atlantic in ERA-Interim with various tracking schemes (IMILAST members and
Hodges 1994, 1995), Pinto et al. (2016) finds a large amount of variation in the spatial
distribution of the dispersion statistic (see Section 1.6.1). However, all tracking schemes
produced statistically significant regions of under-dispersion in the western North At-
lantic and over-dispersion in the eastern North Atlantic.
To objectively track the position of extratropical cyclones in the North Atlantic, the
feature tracking algorithm of Hodges (1994, 1995) has been used. This method is used
to track minima of MSLP or maxima of ξ850 in gridded datasets, and has been used
extensively in previous studies that have analysed the behaviour of North Atlantic ex-
tratropical cyclones in climate models and reanalyses (e.g. Hoskins and Hodges 2002,
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Mailier et al. 2006, Bengtsson et al. 2006, Zappa et al. 2013a). The feature tracking
algorithm is able to identify smaller features when tracking maxima of ξ850 than minima
of MSLP, and features are detected at an earlier stage in the development of the cyclone
(Hoskins and Hodges, 2002). ξ850 features are also less influenced by the large-scale
background flow than MSLP features (Hoskins and Hodges, 2002). As such, ξ850 was
tracked so as to identify smaller, developing cyclones and frontal waves.
Before features are identified, the vorticity field must be filtered to remove features with
wavenumber ≥ 42, which improves the signal-to-noise ratio and prevents very small-scale
features from being tracked. Features of local maximum ξ850 are then identified and tem-
porally combined into tracks using a nearest neighbour approach (Hodges, 1994). This
occurs directly on the unit sphere, which eliminates the need for re-projection of data
which may cause results to be distorted, and is preferable for global datasets (Hodges,
1995). Adaptive constraints are used to vary the maximum distance at which features in
consecutive time-steps may be considered to be part of the same track (Hodges, 1999).
These constraints specify that the motion of features may not change discontinuously.
Therefore, if a rapid change of propagation speed would be required to allow two features
to be connected in a single track, the connection is not made and they are treated as
two separate features.
The standard approach when using this system is to remove tracks that last less than
two days, or that travel less than 1,000 km (e.g. Hoskins and Hodges 2002, Neu et al.
2013). For this study, the minimum movement criterion was removed, so as not to
discard tracks of storms which form in the eastern North Atlantic and stall over the
UK. This algorithm has been applied to ERA-I and HadGEM2-ES to generate tracks of
individual storms in the North Atlantic for analysis of propagation speed and clustering
and stalling patterns, and to calculate overall track density across the North Atlantic for
the inter-comparison of models. Two regions are defined for analysis of the behaviour
of extratropical cyclones: the “Eastern North Atlantic” region (45◦–65◦N, 25◦W–10◦E),
and the “British Isles” region (circle of 700 km radius from 55◦N, 5◦W, c.f. Pinto et al.
2013). The Eastern North Atlantic region and the British Isles region are displayed in
Figure 2.2 as a blue box and red circle respectively.
2.5 Time-series analysis
Analysis of precipitation time-series is used in this thesis for the identification of ac-
cumulated precipitation events in England and Wales. Time-series of precipitation are
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Figure 2.2: Regions defined for analysis of spatial data. Blue box: “Eastern North
Atlantic region”. Red circle: “British Isles region”. Purple box: “England and Wales
region”. Geographical location of England and Wales denoted by shaded map region.
obtained from HadUKP, ERA-I and HadGEM2-ES. Where gridded data are used, a
spatial average for each time-step is taken from the England and Wales region (denoted
by the purple box on Figure 2.2). Sensitivity analysis was performed to determine
the England and Wales domain used for averaging for gridded datasets, based upon
the frequency of extreme events observed in EWP that were identified in 20CR and
ERA-I. The domain chosen for ERA-I and 20CR is defined by a rectangle bounded by
51.73◦N−55.53◦N , 8.75◦W−3.125◦E. This domain is overlaid on the panels in Fig. 3.1.
The smaller domain used by De Leeuw et al. (2015) (50.6◦N − 54.5◦N, 4.5◦W − 0.7◦E)
was also considered but found to be less sensitive to extreme events than the domains
in Fig. 3.1.
For analysis of the influence of clustering and stalling of extratropical cyclones on Eng-
land and Wales precipitation events, precipitation accumulations on time-scales from
1–31 days were considered. Having created daily time-series for England and Wales pre-
cipitation in each dataset, precipitation accumulations were calculated for 7-, 13- and
31-day periods (representing weekly, fortnightly and monthly periods) using a centred
running sum. A variant on the peaks-over-threshold (POT) approach is used to identify
precipitation events, whereby precipitation events are identified iteratively, starting at
the largest precipitation accumulation. For each “event” identified in the accumulated
Chapter 2. Data and Methods 45
time-series, the full duration of the accumulated event is removed from the time-series
before the next event is identified, so as to minimise the effect of autocorrelation. Pre-
cipitation events are classified as “Extreme wet”, “Wet”, and “Extreme dry” according
to the criteria presented in Table 2.1. Whilst there is a fixed number of extreme wet
events in each sample, the count of wet and extreme dry events is variable.
2.6 Quantification of periods of cyclone clustering and stalling
The concept of cyclone clustering has been described extensively in the literature with
respect to the dispersion statistic of Mailier et al. (2006) (see Equation 1.3). This statis-
tic describes serial clustering (regularity) of extratropical cyclones as the over- (under-)
dispersion of cyclone passages as represented as the ratio of the sample variance to the
mean. This method is a highly effective descriptor of the regularity of cyclone transits.
However, it is not applicable to an event-focussed evaluation, where high-impact precip-
itation events may be of varying time-scales. For this reason, clustering in this study
will be related to the cyclone count during the time-period of an event of length 1–31
days.
Stalling is described using two metrics: the mean cyclone residence time during a precipi-
tation event, and the maximum cyclone residence time during a precipitation event. The
former metric describes the overall state of cyclone mobility during a given time-period,
where a “stalled” event would be described as one with low overall cyclone mobility.
The latter metric defines a “stalled” event as one in which any single cyclone in the
time-period is resident for a long period of time, as may occur in situations where a
single slow-moving storm is embedded within an otherwise mobile period.
Time-scale
(days)
Extreme wet events Wet events Extreme dry events
1 Top 60 events
All remaining events
>50th percentile
All dry (0 mm)
events or bottom 60
(whichever is the larger sample)
7, 13,
31
Top 10 events
All remaining events
>50th percentile
All dry (0 mm)
events or bottom 10
(whichever is the larger sample)
Table 2.1: Criteria for Peaks-Over-Threshold event identification in England and
Wales Precipitation time-series. Time-series data are split by season before criteria are
applied.

Chapter 3
Can reanalyses represent extreme
precipitation over England and
Wales?
This chapter is adapted from work published in the Quarterly Journal of the Royal Me-
teorological Society:
Rhodes, R. I., L. C. Shaffrey, and S. L. Gray, 2015: ”Can reanalyses represent
extreme precipitation over England and Wales?.” Quart. J. Roy. Meteorol.
Soc, 141, 1114-1120.
3.1 Introduction
Obtaining consistent and accurate precipitation records is challenging on account of the
range of precipitation observation methods available and the highly localised nature of
precipitation events (NOAA NCDC, 2013). At present, the alternatives to using direct
observations from rain gauges consist of gridded satellite derived products, pre-processed
gridded rain gauge observations, or reanalysis. Satellite derived products, for example
the Global Precipitation Climatology Project (Huffman et al., 1997), are necessarily lim-
ited to the short period from 1979 to the present day (the “modern satellite era”). It is
preferable to include data from a longer period when considering long-term precipitation
variability and trends. Global gridded rain gauge products are available for longer pe-
riods (e.g. Chen et al. 2002; Becker et al. 2013), but are limited by the spatio-temporal
availability of gauge measurements, and the data are necessarily produced on a coarse
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grid. Higher resolution gridded gauge products are available regionally, including EN-
SEMBLES E-OBS (Haylock et al., 2008), which provides gridded observations at 0.25◦
longitude/latitude over Europe from 1950-2013, and the NCEP Climate Prediction Cen-
tre’s Unified Gauge-Based Analysis of Precipitation (Higgins et al., 1996, 2000), which
provides 0.25◦ longitude/latitude gridded precipitation data over North America from
1948-2006. However, these products are limited spatially, in terms of both their regional
nature and their land-based coverage. The purpose of this study is to determine the
ability of re-analysis datasets to represent individual extreme precipitation events over
England and Wales.
Reanalysis can be a useful tool for reconstructing precipitation patterns, particularly
where events prior to the advent of the modern satellite era are important. Reanaly-
sis has the potential to describe weather conditions over a longer period of time than
satellite derived observations, and to produce high resolution, high spatial coverage data
relative to gridded gauge observations. The NOAA-CIRES Twentieth Century Reanaly-
sis (20CR)1 spans the longest time of any currently available reanalysis dataset (Compo
et al., 2011), whilst the ECMWF Interim Reanalysis (ERA-I) has a higher resolution
than 20CR (Dee et al., 2011). Reanalysis products are generally accepted to reproduce
large-scale analysed variables to a good degree of accuracy and large-scale storm sys-
tems can reliably be objectively tracked (e.g. Hoskins and Hodges (2002)). Reanalysis
products do not directly assimilate observations of precipitation (Kalnay et al., 1996;
Dee et al., 2011; Compo et al., 2011); however, precipitation is produced as a short-term
forecast variable, typically at a three- to six-hour lead time, and as such is dependent on
the model formulation. Given this limitation, accurately representing the peak accumu-
lations of precipitation associated with an extreme precipitation event may be difficult
for any reanalysis product. Some previous analysis of ERA-I precipitation over the UK
and north-western Europe has been conducted, e.g. De Leeuw et al. (2015). 20CR is a
recently developed reanalysis and to date no analysis of precipitation data from 20CR
over north-western Europe has been published.
In this chapter the ability of 20CR and ERA-I to represent extreme precipitation events
over England and Wales is investigated, focussing on the ability of reanalyses to represent
individual events, with accurate timings, found in the observed record on one-, three-
and seven- day accumulation time-scales. Precipitation data from ERA-I and 20CR is
compared with processed rain gauge data from the England and Wales Precipitation
(EWP) dataset (Alexander and Jones, 2000) and gridded precipitation data from the
120th Century Reanalysis V2c data provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado,
USA, from their Web site at http://www.esrl.noaa.gov/psd/
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Global Precipitation Climatology Project (GPCP) (Huffman et al., 1997). England and
Wales has been selected due to the availability of long-running observations with a high
spatial density across the region. A statistical analysis is performed which describes the
ability of the reanalysis products to describe extreme precipitation accumulations over
a range of accumulation time-scales.
3.2 Data and Methods
To evaluate the ability of ERA-I and 20CR to represent extreme precipitation events,
analysis is performed using EWP as a comparison dataset. The definition of “extreme” in
this study is based on percentiles of the individual datasets, thus reducing the problem of
systematic error. A range of thresholds are considered, from the 90thpercentile (hereafter
p90) to p99, with a focus on p98 equating to an average of seven events per year with
daily accumulations, 2.5 events per year with three-day accumulations, and one event
per year with seven-day accumulations.
3.2.1 Hit Rate analysis method
Hit rate analysis depends on a threshold value to give a binary “hit” (ehit) or “miss”
(emiss) response for any given event when comparing a model with observations. When
the daily precipitation accumulation for a given date is recorded in both the EWP
observations and the reanalysis data as above their respective “extreme” thresholds
(see Table 3.1 for values), a hit is recorded; conversely when EWP indicates extreme
precipitation and the reanalysis data does not, a “miss” is recorded. The ratio of hits
to misses is used to create a hit rate, expressed as a percentage:
H = 100 ehitetotal ,
where etotal is the total number of extreme events identified in the sample of observations,
and ehit is the number of occasions when both the observations and the reanalysis
product have identified extreme events on the same date.
3.2.2 Accumulation time-scales
A common period of 1979–2010 was chosen to reflect the maximum period of overlap
between ERA-I and 20CR. To test the response of the hit rate to events of different
time-scales, three accumulation lengths were considered: one, three and seven days.
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These varying accumulation lengths reflect both the manner in which precipitation is
accumulated (e.g. single, intense cyclone; stalled or clustered cyclones), and the varying
flood potentials of catchment areas with differing response times (Lavers et al., 2011).
Daily accumulations were calculated from the sub-daily data in the reanalysis products
as described in sections 2.2.2 and 2.2.1. Multiple-day accumulations were calculated by
taking the sum of daily accumulations, and are dated according to the final day of the
accumulation.
3.3 Analysis
3.3.1 Spatial analysis of precipitation data
Figure 3.1: 1996-2009 DJF mean daily precipitation accumulation contours for (a)
GPCP, (b) 20CR, (c) ERA-I. Dashed box indicates spatial extent of data extracted
from ERA-I and 20CR. England and Wales are shown with bold coastlines in all figures.
Contours in 1mm intervals. Land with elevation over 200m is shaded grey.
To identify variations in the spatial representation of precipitation between ERA-I, 20CR
and observed precipitation, Fig. 3.1 shows the climatological distribution of DJF pre-
cipitation across the British Isles in GPCP, ERA-I and 20CR in the period 1996-2009.
Using the high-resolution satellite- and gauge-derived observations from GPCP as a
comparison, the quality of the spatial representation of precipitation accumulation in
ERA-I and 20CR are shown. Both reanalysis products capture some large-scale features,
such as the higher accumulations to the west of the UK and Ireland relative to the east.
20CR is unable to represent the precise location and intensity of the regions of increased
precipitation over orography in western England and Wales, possibly due to its lower
horizontal resolution in comparison to ERA-I. ERA-I represents these smaller-scale fea-
tures over orography, albeit with a lower precipitation rate than in GPCP. ERA-I also
indicates a drier region in the east of England than is indicated by GPCP.
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3.3.2 Statistical analysis
Figure 3.2: Rank scatter-plots of daily accumulations in a) 20CR vs EWP b) 20CR
vs ERA-I c) ERA-I vs EWP. Note: apparent “binning” of EWP data is due to the two
decimal place rounding applied to EWP values as provided.
A rank correlation analysis was performed to check for consistency in the relationships
between the three datasets (Fig. 3.2). This analysis assigns a rank to every value in a
sample, and checks for correlation with the rank for the same data-point in a second
sample. Spearman’s Rank Coefficient (ρ) was calculated for each correlation with results
as follows for daily accumulations: 20CR vs EWP ρ = 0.86; 20CR vs ERA-I ρ = 0.87;
ERA-I vs EWP ρ = 0.88. High rank correlations are found in all cases, indicating a good
relationship between ERA-I/20CR and EWP, and between ERA-I and 20CR. Similar
results were found for three- and seven- day accumulations.
3.3.3 Intensity of precipitation accumulations in reanalysis
The values of p98 in ERA-I and 20CR were compared with that of EWP to determine
whether these reanalyses correctly represent the magnitude of precipitation accumula-
tion during extreme events. These values, for one-, three- and seven- day accumulations,
are listed in Table 3.1.
Both ERA-I and 20CR underestimate the magnitude of p98 one-day accumulations by
∼25%, and by ∼20% for three- and seven- day accumulations. This underestimation is
Accum. EWP ERA-I 20CR
1 day 13.62 10.35 10.10
3 day 28.54 22.95 22.59
7 day 53.33 43.58 43.86
Table 3.1: Values of the 98thpercentile of precipitation accumulation in EWP, ERA-I
and 20CR at daily, three-day and seven-day accumulations, 1979-2010.
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slightly greater than that found by De Leeuw et al. (2015) for daily precipitation accu-
mulations above the 90th percentile in ERA-I with respect to EWP. Although the pre-
cipitation is under-represented, the high rank correlations demonstrated in Section 3.3.2
indicate that the reanalysis is performing consistently relative to observations.
3.3.4 Hit rate analysis for an example time-series
Figure 3.3 gives a time-series example over one month, indicating the frequency with
which the two reanalysis datasets represent extreme events. The time series presented
here, September-October 2000, was a particularly wet period, with EWP recording five
events above p98 in a 30 day period in the daily accumulations, against an average of
seven events per year. This plot highlights the range of values reported for each event
across the three datasets. Note that an extreme event was recorded by ERA-I on the first
day of this time period, when the precipitation accumulation in EWP was well below the
p98 threshold. On 19 September, 25 September, and 10 October, EWP records extreme
events which are not identified as extreme in either ERA-I or 20CR. Good agreement in
all datasets is shown on 26 September and 9 October. The ability of ERA-I and 20CR to
represent these extreme events can be characterised by the hit-rate, which indicates the
percentage of extreme events in the reanalysis which correspond to an observed extreme
event in the same time period.
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Figure 3.3: Example time series indicating the distribution of England/Wales precip-
itation values from EWP, ERA-I and 20CR across an example wet month (Sep 15–Oct
15 2000). Solid horizontal line indicates p98 value for EWP. Dashed horizontal line in-
dicates p98 value for ERA-I and 20CR (equal to within the accuracy of this diagram).
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3.3.5 Hit rate analysis
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Figure 3.4: Hit rates at the 98thpercentile threshold in (a) DJF and (b) JJA for
ERA-I and 20CR for one-, three- and seven- day accumulations
A hit rate analysis was performed with the threshold set to p98 for ERA-I and 20CR.
Hit rates for one-, three- and seven- day accumulations when calculated over the period
1979–2010 are indicated in Fig. 3.4. The most notable result indicated by Fig. 3.4 is
the low hit rate value demonstrated by all datasets. ERA-I demonstrates a particularly
low hit rate at daily time-scales in DJF, with a hit rate of approximately 40%. The
highest hit rate, ∼60%, was demonstrated by ERA-I three-day JJA accumulations. Most
20CR results lay within a range of 45-50% hit rate. Tables 3.2 and 3.3 demonstrate
the numbers of hits, misses, false alarms and true negatives in the all seasons daily
accumulations at the p98 threshold. At the daily accumulation time-scale, 20CR appears
to be performing well compared with ERA-I, particularly in the winter months. However,
the improvement in ERA-I at the three- and seven- day time-scales may be indicative
of an error in the daily accumulations introduced by the interpolation between 0600
and 1200 UTC required to fit ERA-I to a 0900-0900 UTC day. Since a constant rain
rate is assumed between 0600 and 1200 UTC, there is the potential for a short, intense
period of accumulation to be inappropriately spread evenly between two days rather
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than allocated to a single day, thus reducing the hit rate for the daily accumulation. The
magnitude of this error should be reduced for longer accumulations, since the uncertain
period accounts for less time relative to the length of the accumulation period.
ERA-I ≥ p98 ERA-I <p98
EWP ≥ p98 118 116
EWP <p98 116 11,335
Table 3.2: Contingency table indicating counts of events where ERA-I recorded values
≥ p98. A ”hit” is indicated by a value where both ERA-I and EWP recorded values in
excess of their respective p98 value.
20CR ≥ p98 20CR <p98
EWP ≥ p98 115 119
EWP <p98 119 11,335
Table 3.3: Contingency table. As Table 3.2, with data from 20CR.
For three- and seven- day accumulations, both 20CR and ERA-I show an increased hit
rate during the winter months, whilst 20CR’s hit rate is reduced at longer accumulations
in the summer. This may be due to shorter time-scale events in summer which may be
poorly represented in 20CR. Conversely, winter precipitation is usually generated by
synoptic-scale systems, which can take several days to cross the UK and so may be
better represented through a three- or seven- day accumulation.
For 20CR, data for years 1931-1979 (corresponding to the remainder of the available
EWP daily data) were also analysed for hit rate at p98 against EWP. Hit rates were in
the range 35-45% for one-, three- and seven-day accumulations in DJF and JJA, indi-
cating a decrease in quality for extreme precipitation in 20CR for this earlier time-period.
Having investigated the hit rates of extreme events in 20CR and ERA-I at p98, the
sensitivity of the hit rate analysis to the threshold value was analysed between p90
and p99 (Fig. 3.5). Thresholds from p90 to p99 indicate high levels of precipitation
accumulation, and occur on average 37 days per year for p90 and 4 days per year for
p99. Hit rates decrease with higher thresholds for both reanalyses. Even at p90, neither
reanalysis exceeds a 65% hit rate on daily accumulations in either summer or winter.
20CR only achieves a 70% hit rate at three- and seven- day accumulations at the p90
threshold, whilst ERA-I exceeds 70% hit rate in the seven- day accumulations in DJF
and JJA at thresholds p ≤ 0.94. 20CR consistently has higher hit rates than ERA-I in
winter daily accumulations and has similar hit rates to ERA-I at longer accumulations
and in summer months.
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Figure 3.5: Hit rates as a function of threshold for ERA-I and 20CR in DJF and
JJA seasons. (a) ERA-I DJF (b) 20CR DJF (c) ERA-I JJA (d) 20CR JJA. Vertical
lines indicate p98, and horizontal lines indicate the hit rates at p98 for one-, three- and
seven-day accumulations.
3.4 Conclusions
The representation of extreme precipitation over England and Wales in the Twentieth
Century Reanalysis and in ERA-Interim has been evaluated, using processed rain gauge
data from the England and Wales Precipitation dataset as a comparison. The motiva-
tion was to assess the usefulness of ERA-I and 20CR for the investigation of historical
occurrences of high precipitation accumulations. The main findings of this study are as
follows.
• Both ERA-I and 20CR were found to represent many of the large-scale features of
climatological DJF precipitation distribution over the British Isles when compared
to GPCP, such as the contrast between relatively high precipitation levels in the
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west and lower values in the east. However, ERA-I was able to generate more
detail, with better representation of localised climatological features. Precipitation
rates were lower in 20CR to the west of England and Wales, particularly over
mountainous regions where orographic enhancement is important.
• ERA-I and 20CR are highly correlated with each other and with a time-series of
daily precipitation totals over England and Wales from EWP, indicating that daily
precipitation accumulations are usually well represented over England and Wales
in ERA-I and 20CR. The virtually identical rank correlations found for ERA-I and
20CR against EWP are notable, given the limited range of observations assimilated
into 20CR.
• Both ERA-I and 20CR produced hit rates for extreme events at the 98thpercentile
in the range 45-55% for extremes of daily precipitation accumulation. Timing
errors are likely to be an important source of error for one-day accumulations.
Both reanalysis products showed improved hit rate for longer accumulation time-
scales. However, hit rates did not exceed 80% for either ERA-I or 20CR for any
accumulation length at p98.
The hit rates of ∼45-70% in ERA-I and 20CR suggests that it might be difficult to use
20CR and ERA-I to investigate long term variability of extreme precipitation over Eng-
land and Wales, in situations where knowledge of the timing of such events is necessary.
However, the quality of 20CR’s precipitation data appears to be comparable to that of
ERA-I, which is encouraging considering the potential usefulness of this long time pe-
riod dataset. These results suggest that further evaluation is necessary in other regions
with extensive observations of precipitation to ascertain the quality of precipitation in
reanalysis.
Chapter 4
Development of the Continuous
Precipitation Area storm
association algorithm
4.1 Introduction
This chapter discusses the development of the Continuous Precipitation Area (CPA)
method for associating objectively identified cyclone tracks with events in a given re-
gion. The structure of extratropical cyclones is highly asymmetrical and non-uniform,
and existing methods may be unsuitable for the purpose of associating a given precipita-
tion event with the extratropical cyclone responsible. In Chapter 3 it was demonstrated
that although reanalysis cannot be used to identify individual extreme events as observed
in EWP, it can be used to represent the spatial distribution of precipitation. This new
method is designed to objectively identify the extent of a storm using spatial patterns
in gridded precipitation data, before finding the most appropriate cyclone track for a
given event.
Existing methods for identifying the passage of a cyclone in the vicinity of a given region
are discussed in Section 4.2. Section 4.3 outlines the criteria for an improved method,
and the development of this method is discussed in Section 4.4. The new CPA method
is compared against two existing methods in Section 4.5. The parameter sensitivity
of the new method is discussed in Section 4.6. Finally, this chapter is summarised in
Section 4.7.
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4.2 Evaluation of established methods
Prior to the development of the Continuous Precipitation Area (CPA) algorithm, a
number of alternative methods of associating the passage of storms with their influence
over a region of impact had been developed for various uses. The first of these was the
“gate” method, as implemented by Mailier et al. (2006) and Vitolo et al. (2009). Mailier
et al. (2006) implemented this method both to analyse cyclone passages across all grid
points in a northern hemisphere region (-180:180◦E, 10:80◦ N), and to provide a more
thorough analysis at points corresponding to the North Atlantic storm track genesis and
lysis regions. The point chosen for the analysis of the storm track lysis region, 0◦W,
55◦ ±10◦N, provides a “gate” positioned over the British Isles. Extra-tropical cyclone
transits over the United Kingdom are treated as a point process occurring at the time
at which a ξ850 track crosses the meridional line defined by the aforementioned coordi-
nates (Figure 4.1). This method was designed to capture instances of cyclone centres
tracking westerly across the United Kingdom, to provide data for a statistical analysis of
spatio-temporal serial clustering of cyclones in the western North Atlantic. This method
was not designed to take into account the spatially non-uniform influence of individual
cyclones, or to provide diagnostics beyond time, location and intensity as expressed
by ξ850. Furthermore, it does not take into account a meridional component of cyclone
propagation, instead making the assumption that cyclone motion is predominantly zonal
and westerly.
The method employed by Pinto et al. (2013) (Figure 4.1) addresses the meridional com-
ponent of cyclone transit by detecting cyclones which track within a 700km radius of
55◦N, 5◦W. By utilising a two-dimensional region instead of a one-dimensional gate to
track cyclones, this method also allows for analysis of cyclone propagation speeds and
direction of propagation. This method was developed for the analysis of the impact on
cyclone clustering on windstorm risk, in which the region of maximum intensity is usu-
ally close to the location of peak ξ850. However, peak rainfall accumulations may occur
on a front at a considerable distance from the cyclone centre and in a highly asymmet-
rical distribution pattern, indicating that the suitability of this method for analysing
cyclone passages associated with precipitation events must be carefully studied.
Hawcroft et al. (2012) evaluates the percentage of precipitation associated with extrat-
ropical cyclones in the Northern Hemisphere, and therefore utilises a method designed
for the purpose of associating precipitation with a parent cyclone. Like Pinto et al.
(2013), Hawcroft et al. (2012) uses a fixed-radius association method, however, in the
case of Hawcroft et al. (2012) a radial cap of 12/10◦ (DJF/JJA respectively) is applied
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Figure 4.1: 0.75 ◦ gridded precipitation forecast field from ERA-Interim for
1800 UTC 16 October 2000 over the North Atlantic. Grid cells with precipitation
rate ≤ 0.5 mm day−1 not shown. Overlaid with ξ850 cyclone track data (red points)
and cyclone association gates as used by Mailier et al. (2006) (red meridional line cen-
tred on 0◦E, 55◦N), Pinto et al. (2013) (blue circle of r=700km centred on 5◦W, 55◦N),
and Hawcroft et al. (2012) (purple line of r=12◦ about a cyclone centre at 30◦W, 58◦N).
This figures highlights an extreme precipitation event with no attributable cyclone track
by previous methods.
from the cyclone centre, with a tighter radius of 5◦ applied to the analysis of extreme
events on the assumption that the peak of precipitation intensity is to be found close to
the cyclone centre. This leaves the method unable to identify remote accumulations of
precipitation generated by fronts associated with an identified cyclone. It is also noted in
the literature that the identified total precipitation accumulations are highly dependent
on the radial cap chosen.
A method which enables the analysis of remote precipitation events generated by fronts
associated with an extratropical cyclone is presented by Catto and Pfahl (2013). By
combining cyclone tracking (Pfahl and Wernli 2012 method) with front tracking (Berry
et al. 2011 method, based on Hewson 1997), additional information regarding the spatial
structure of extratropical cyclones can be obtained. Precipitation events are categorised
as being associated with a cyclone, a front, or both a cyclone and a front. However,
as cyclones and fronts are treated as independent features, this method does not di-
rectly allow the association of a distant (front-only) precipitation event with a parent
cyclone. Because a front is defined as a line feature, plus a 5◦ search area, this method
may lose some spatial information that is available directly from the precipitation field
of a gridded dataset. It may also be preferable to use a less computationally expensive
method where it is possible to obtain spatial information for a storm using existing data.
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A method for identifying contiguous rain areas (CRAs) was is described in Ebert and
McBride (2000), for the purposes of forecast verification. By creating CRAs based on
a user-defined isopleth, objects may be compared between forecast and observed rain
fields, allowing for objective analysis of the displacement of features in the forecast.
The identification of contiguous rain (or precipitation) features in gridded data using a
thresholding technique is an essential component of the method described in this chap-
ter. However, the method must be developed beyond the identification of precipitation
areas to identify the most likely cyclone centre to be responsible for the precipitation.
In this case, applications to forecast verification are not required. The CPA method
was therefore developed independently. This approach gives greater control of the re-
quired functionality, and improved understanding of the workings of the method. This
development is detailed in the following sections.
4.3 Criteria for storm association algorithm
To identify the cyclone tracks responsible for individual precipitation events in a given
region (e.g. England and Wales), a method is required that is able to associate cyclone
tracks with the region of interest by analysis of the spatial structure of precipitation
features as found in a gridded dataset. Figure 4.1 shows a typical extratropical cyclone
interacting with the England and Wales region. The cyclone centre of this event would
not be identified as affecting the UK by either the Mailier et al. (2006), Pinto et al.
(2013), or Hawcroft et al. (2012) methods due to its position to the west of the British
Isles. However, a human observer is able to identify the appropriate cyclone track for
this event due to its location enveloped by a continuous rain band with a frontal struc-
ture extending eastwards, interacting with England and Wales.
For a new method to improve the association rate between precipitation events in a
defined region and the appropriate cyclone centre, precipitation bands must be identi-
fied within the gridded precipitation data. These bands should be objectively identified
by applying a threshold precipitation rate to identify continuous regions of substan-
tial precipitation. Storm tracks lying within a precipitation band, or within a small,
pre-defined radius of a precipitation band, should be taken to be associated with the
regional precipitation event. Measures must be taken to prevent multiple cyclone tracks
being associated with the same event, for example in a situation where the cyclone
tracking algorithm identifies multiple features on a single precipitation band (common
in frontal waves and secondary cyclogenesis). The algorithm must also be designed not
to associate highly unlikely track points with an event, if it fails to identify a likely track
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(e.g. Figure 4.1). A maximum distance limit must therefore be defined to ensure that no
tracks are identified that would be physically unable to cause or influence a precipitation
event. A conceptual process flow diagram for the CPA method is presented in Figure 4.2.
4.4 Development of CPA algorithm
4.4.1 Identification of Continuous Precipitation Areas
Figure 4.3a shows an example of the input data for a single timestep, during which a
well-defined extratropical cyclone is interacting with the England and Wales region, as
defined by the purple rectangle (the “interest region”). The algorithm must first ob-
jectively isolate the appropriate precipitation band, based on a pre-defined threshold
(here 1.5 mm day−1). The algorithm first searches for any precipitation cells within the
interest region above the threshold value, and halts if none are found, saving processing
time for dry events. If wet cells are present within the interest region, a contouring
algorithm is applied with a single level at the precipitation threshold value.
The contouring algorithm produces a number of polygons which correspond to precip-
itation bands Figure 4.3b. The CPA algorithm identifies any overlap between these
polygons and the interest region, and any precipitation bands which interact with the
interest region are tagged (thick black contour in Figure 4.3b. Having identified any
precipitation bands which interact with the interest region, the algorithm searches for
cyclone centres that fulfil one or more of the following criteria:
• Are located within interest region
• Are located within a matched precipitation band
• Are located within a pre-determined distance (250km) from a matched precipita-
tion band or interest region
In the case shown in Figure 4.3b, no cyclone centres lie within the interest region or the
matched precipitation band, but one track lies within 250 km of the matched precip-
itation band (indicated by the red circle of radius 250 km; the cyclone proximity radius).
It is possible that multiple tracks may be present at this stage that fulfil one or more
of the above criteria, so the algorithm must choose appropriate track(s) based on their
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Figure 4.2: Flow diagram demonstrating the decision flow of the CPA algorithm.
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Figure 4.3: Demonstration of elements of CPA process for a single event (1800 UTC
16 October 2000). Red points: cyclone centres (Hodges (1994, 1995) on ξ850); red
circle: 250 km cyclone proximity radius; contours (thin): regions of precipitation with
rate ≥ 1.5 mm d−1; contours (bold): precipitation region associated with England and
Wales precipitation event; purple rectangle: England and Wales ”interest” region; blue
line: shortest path from centre of England and Wales region to matched track point
(within precipitation region). (a) Data input to function: gridded precipitation (ERA-
Interim), cyclone centres (Hodges on ξ850), interest region. (b) Precipitation regions
as identified by the CPA algorithm. (c) Shortest path from interest region to cyclone
centre, shown overlaying resistance layer corresponding to matched precipitation region
(see Section 4.4.1). (d) Data as output from CPA algorithm: precipitation regions,
matched precipitation regions, matched cyclone centres.
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position relative to the interest region and the precipitation band(s). Any tracks lying
within the interest region, or within a pre-set radius of the interest region (here 250 km),
will automatically be recorded as directly associated with precipitation over England and
Wales. In this case, all storms directly influencing the interest region are recorded and
the matching process ends.
If no “local” (within the interest region) storms are found, the algorithm searches for the
shortest path to each track point via a path that lies entirely within the precipitation
band. This is achieved by the creation of a rasterised resistance layer (Figure 4.3c). In
the resistance layer, all grid cells within the precipitation polygon, the interest region,
and the cyclone proximity radius around matched cyclone centres, are set to a very low
resistance value (1 × 10−1). All other points are set to a very high resistance value
(1× 105). A least-cost path-finding algorithm (shortestPath; van Etten 2015) is used to
approximate the shortest path from the centroid of the interest region to the track point,
via a path contained entirely within the precipitation area. This approximation is set to
operate on limited degrees of freedom, reducing the smoothness of the curve, to prevent
excessive allocation of computing resources towards a problem in which strict accuracy
is not critical. Having computed shortest paths to all storm centres associated with the
precipitation area, the point that lies closest to the centroid of the interest region, via a
path lying entirely within the precipitation band, is selected as the most likely to be of
influence to precipitation totals in this region.
Figure 4.3d shows the output of the CPA algorithm. Precipitation areas (including
matching status) and cyclone centres (including matching status) are output. In this
case, the algorithm appropriately identifies the extratropical cyclone that is associated
with precipitation over England and Wales, and chooses an appropriate cyclone centre
for this timestep.
4.4.2 Language and structure
The CPA algorithm was designed as a function within the R statistical programming
language (Ihaka and Gentleman, 1996; R Core Team, 2015). R is a free, open source pro-
gramming language, focussed on statistical analysis and highly customisable. Numerous
packages are freely available for the automation of common tasks, and R is capable of
being used as a Geographic Information System (GIS).
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To provide the required output, the function was required to accept input of gridded
precipitation data, cyclone track coordinates, and a region of interest (for the purposes
of this study, the “region of interest” is a box corresponding to the England and Wales
region). Given these inputs, the algorithm performs the following operations:
1. Check for any precipitation above a threshold value within the region of interest
2. Find precipitation bands within gridded precipitation data by applying a single-
level contour at a pre-defined threshold value
3. Find cyclone centres located within the interest region, or within a pre-defined
distance of a precipitation band
4. Determine most appropriate track point(s) by distance from interest region and
position relative to precipitation bands
5. Return ”matched” cyclone centres and precipitation bands for analysis
The CPA algorithm was designed to use standardised GIS inputs and outputs, enabling
its use with data from a variety of sources. The “SP” package (Pebesma and Bivand,
2005; Bivand et al., 2013) was used to standardise track data inputs and spatial process-
ing. CPA is designed to process data by individual time-step, and can be included in a
loop structure for processing large numbers of time-steps. It is also possible to use the
CPA function in conjunction with R’s parallel processing capability, which considerably
increases its efficiency when used with appropriate hardware on large datasets.
4.5 Comparison with established methods
To investigate the performance of the CPA method in comparison to the “linear”, “cir-
cle” and “radial cap” methods proposed by Mailier et al. (2006), Pinto et al. (2013) and
Hawcroft et al. (2012) respectively, the association rates for 1-day accumulation precip-
itation events were considered for all seasons for dry (p ≤ 2) and extreme wet (p ≥ 98)
events. “Association rate” is defined as the percentage of events during which at least
one cyclone has been detected within the radius or across the gate of the respective event,
with respect to all events in the set. An ideal method would be expected to approach
0% association rate for dry events, and 100% association rate for DJF extreme wet
events (with other seasons demonstrating high extreme wet association rates, allowing
for the influence of convective systems, which are more prevalent in the summer months).
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Figure 4.4: Association rates for dry and extreme wet events, all seasons. Four storm
association methods are demonstrated: “Linear” (meridional linear gate at 0◦E, 55±10
◦N); “Circle” (5◦W, 55◦N, 700km radius); “RadCap” (radial cap, 12◦ radius centred on
cyclone centre); “CPA” (Continuous Precipitation Area method, threshold 1.5 mm d−1,
cyclone proximity radius 250km).
Figure 4.4 shows the large variation in association rates found with the different meth-
ods. The linear gate method demonstrates very little response to the severity of a
precipitation event over England and Wales for any season, indicating that the zonal
passage of the centre of an extratropical cyclone is not a reliable indicator for the likeli-
hood of an extreme one-day precipitation event. The circle method with a 700km radius
demonstrates an improved response with respect to the linear gate method, for extreme
precipitation events in all seasons, but gives a very high (25-50%) association rate for
dry events in all seasons. The radial cap method with a cap of 12◦ performs well for
association rate in extreme wet cases, with MAM and JJA association rates compara-
ble with CPA, although lower association rates are found in DJF and SON. However,
high (25-30%) association rates are found for dry events in all seasons, indicating that
this method may spuriously associate cyclones with regions not experiencing associated
precipitation. The CPA method returns considerable improvements in extreme wet as-
sociation rates for all seasons when compared to both the linear gate and circle methods,
and for DJF and SON when compared with the radial cap method. CPA also minimises
association rate for dry events in all seasons when compared with all other methods.
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Based upon the daily dry and extreme wet event storm association rate, the CPA method
was found to be an appropriate method for the analysis of track counts and residence
times for extreme precipitation events in ERA-Interim.
4.6 Parameter sensitivity
The CPA method has two pre-defined parameters that may significantly influence its
operation. The precipitation threshold value determines how sensitive the algorithm is
to low rain rates, and how likely a weakly precipitating system is to be captured as a
single precipitation feature. The cyclone proximity radius parameter determines how
far outside a precipitation feature a cyclone centre point may lie whilst still being asso-
ciated correctly with that feature. A large radius may allow spurious association with
a distant precipitation feature, whilst too small a radius will prevent the detection of
storm centres lying within a dry slot in the structure of the extratropical cyclone.
When testing the sensitivity of the algorithm to its parameters, the ideal setup is consid-
ered to be one that consistently associates no cyclone tracks with “dry” (≤ 2nd percentile
precipitation) one-day events, and at least one cyclone track with “extreme wet” (≥ 98th
percentile precipitation) one-day events. Lower track association rates are expected for
extreme wet events in JJA than DJF, owing to the greater prevalence of convective
precipitation events during the summer months.
4.6.1 Precipitation threshold evaluation
The CPA algorithm was applied to gridded precipitation in ERA-Interim (1980-2011)
with tracking provided by the Hodges (1994; 1995) algorithm applied to maxima of ξ850.
Figure 4.5 and Figure 4.6 show the sensitivity of the CPA algorithm to varying pre-
cipitation area threshold. As discussed in Section 4.6, the key criteria on test are the
absence of associated tracks with “dry” (≤ p2 daily precipitation) daily accumulation
events, and a near-100% association rate “extreme wet” (≥ p98 daily precipitation) daily
accumulation events. Furthermore, it is expected that multiple storm passages per day
will be a rare event even for p98 precipitation events, so the parameters should be set
up to prevent regular multiple storm associations. For consistency, a single threshold
value was chosen for the analysis of all seasons.
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Figure 4.5: Association rate by varying precipitation area threshold (threshold value
at which precipitation bands are considered to be continuous) for ”dry” (≤ p2 precipi-
tation), ”wet” (≥ p25) and ”extreme wet” (≥ p98 precipitation) one-day accumulation
events. Cyclone proximity radius: 250 km.
The sensitivity of association rate to contour threshold is shown for all seasons and event
types in Figure 4.5. The association rate is dependant on the contour threshold value
for all seasons and all event types, with an increase in association rates particularly
evident in dry events going from the 1 mm d−1 to the 0.5 mm d−1 threshold. The dry
event association rate decreases to ≤ 10% for all seasons when the threshold increases
to 1.5 mm d−1. At this threshold, the extreme wet event DJF association rate is near
100%, although the extreme wet event JJA association rate is less, which may be due to
the higher prevalence of convective storms with no associated extratropical cyclone track.
Figure 4.6 shows the sensitivity of the track count per one-day event for different con-
touring thresholds, for all seasons and all event types. The priority is to minimise
over-association with multiple tracks per one-day event in the “wet” and “extreme wet”
categories, whilst ensuring that the algorithm does not fail to associate any storms. For
instance, the 0.5 mm d−1 threshold causes the majority of DJF extreme precipitation
events to be associated with two storms (where different storms are associated with the
event for each of the four time-steps in a daily accumulation period), which is a physi-
cally undesirable situation. However, by increasing the threshold to 2.5 mm d−1, 20-30%
of extreme JJA events have a track count of zero, which is also unlikely. A threshold of
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Figure 4.6: Percentage frequency of track counts by varying CPA method precipita-
tion area threshold. Cyclone proximity association radius: 250 km. Track counts are
shown for “dry”, “wet” and “extreme wet” (≤ 2,≥ 25,≥ 98 percentile of England and
Wales precipitation respectively).
1.5 mm d−1 is found to be an appropriate balance between minimising extreme events
with no associated storms, maximising single storm count extreme events, and allowing
a small number of multiple associations, which is a physically acceptable scenario in a
small number of events. Subsequently, based upon Figure 4.5 and Figure 4.6, 1.5 mm d−1
was chosen as an appropriate threshold for analysis of precipitation events in England
and Wales.
4.6.2 Cyclone proximity radius evaluation
The cyclone proximity radius (rcp) governs how far outside a precipitation region or the
interest region a track may be positioned to be considered to be associated with that
feature. As with the evaluation of the contouring threshold parameter in Section 4.6.1,
the cyclone proximity radius parameter is evaluated to determine an appropriate value
which maximises wet and extreme wet event association, minimises dry event associa-
tion, and minimises multiple track association for one-day events.
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Figure 4.7: Association rate by varying cyclone proximity radius (maximum permis-
sible distance between precipitation band and cyclone centre) for “dry” (≤ p2 precipi-
tation), “wet” (≥ p25) and “extreme wet” (≥ p98 precipitation) one-day accumulation
events. Precipitation band threshold: 1.5 mm d−1.
Figure 4.7 shows the response of association rate, for all seasons and all event thresholds,
to varying cyclone proximity radius (rcp) from 0 to 1,000km. The dry event association
rate increases steadily for all seasons with increasing association radius. Wet and ex-
treme wet event association rates increase where rcp > 0, with DJF association rates
stabilising near 100% for rcp > 250 km. JJA association rates remain lower than in
other seasons for wet and extreme wet events until a very high radius is used, at which
point problems with spurious association with distant features may become prevalent.
This may be due to the prevalence of convective precipitation in the summer months,
which generates smaller precipitation features which are not physically associated with
any cyclone centre.
The influence of the cyclone proximity radius parameter on track counts is demonstrated
in Figure 4.8, for all seasons and event thresholds, and with the contour threshold set
to 1.5 mm d−1. Altering the cyclone proximity radius appears to have a small effect on
the dry events. However, wet and extreme wet events are very sensitive to increasing
the radius. A maximum in the count of events associated with a single track is evident
at with radius of 250 km for all seasons in the extreme wet category. The likelihood
of associating two or more tracks to a single event increases considerably as the rcp is
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Figure 4.8: Percentage frequency of track counts by varying CPA method cyclone
proximity radius (maximum permissible distance between precipitation band and cy-
clone centre). Precipitation band threshold: 1.5 mm d−1. Track counts are shown for
“dry”, “wet” and “extreme wet” (≤ 2,≥ 25,≥ 98 percentile of England and Wales
precipitation respectively).
increased above 250 km. A cyclone proximity radius of 250 km was chosen as an ap-
propriate parameter due to its low dry event association rate, high extreme wet event
association rate, and minimised one-day event multiple track count rate.
4.7 Summary: CPA algorithm development and evalua-
tion
In this chapter, existing methods for associating precipitation events with cyclones have
been discussed and evaluated. The case for developing a new Continuous Precipitation
Area (CPA) method has been made, based on its potential for improvements in storm
association rate against linear gate (Mailier et al., 2006) and fixed-radius search area
methods (Pinto et al., 2013; Hawcroft et al., 2012), reduced computational cost and
increased spatial information against the combined storm and front tracking method
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(Catto and Pfahl, 2013). The criteria for this system are as follows:
• Full utilisation of existing spatial precipitation data
• Applicable to any product with gridded precipitation output
• Low computational cost
• High storm association rate for extreme precipitation events in the England and
Wales region
• Minimal storm association rate for dry events in the England and Wales region
• Minimal over-association rate (two or more cyclones in a daily accumulation pe-
riod) for extreme events
• Ability to discern most appropriate cyclone centre in systems with multiple em-
bedded cyclone centres
CPA has been evaluated against the linear gate (Mailier et al., 2006), circle (Pinto et al.,
2013), and radial cap methods (Hawcroft et al., 2012). CPA performs well for extreme
wet event association rate and dry event association rate against all methods tested.
The CPA algorithm is not computationally expensive, and is applicable to any gridded
dataset. For the purpose of associating cyclone tracks with extremes of precipitation
over the England and Wales region, CPA is found both to be an improvement on ex-
isting methods, and to be an appropriate method for further analysis of reanalysis and
climate model data. The following chapters concern the application of the CPA method
to data from ERA-Interim and HadGEM2-ES, to identify behaviours of extratropical
cyclone clustering and stalling events in the historical record; to test the ability of a
climate model to represent observed clustering and stalling patterns in association with
England and Wales precipitation events; and to analyse clustering stalling and England
and Wales precipitation events in the RCP8.5 climate scenario in HadGEM2-ES.
Chapter 5
Clustering, stalling, and England
and Wales precipitation events in
the recent climate
5.1 Introduction
This chapter discusses the analysis of precipitation events in ERA-Interim using the CPA
method (Chapter 4). The behaviour of cyclones associated with precipitation events over
England and Wales is analysed. Cyclone behaviour is considered in terms of “cluster-
ing” and “stalling” episodes, which in turn are represented in terms of cyclone count per
event and maximum and/or mean cyclone residence time per event, respectively.
The data and methods used in this chapter are discussed in Section 5.2, including analy-
sis of precipitation events in EWP and the North Atlantic storm track and mean 250-hPa
winds in ERA-I. The CPA method is applied to ERA-I with precipitation event timings
identified using EWP, and the resulting data are analysed for patterns of clustering and
stalling in Section 5.3. A discussion of the results presented in this chapter, and key
conclusions, is given in Section 5.4.
5.2 Data
For analysis of precipitation events in England and Wales using the CPA method de-
scribed in Chapter 4, three inputs are required. A time-series of precipitation data for
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England and Wales is used to identify the timing of precipitation events over England
and Wales; spatial precipitation data are used to identify rain bands; and cyclone track
data are used to identify characteristics of the extra-tropical cyclones associated with
England and Wales precipitation event. For further analysis, 250-hPa vector winds from
ERA-I are used for analysis of large-scale conditions, including mean jet stream location.
Section 5.2.1 discusses the identification of precipitation events in the EWP time-series;
Section 5.2.2 discusses the key features of the North Atlantic storm track as represented
by the Hodges (1994, 1995) method on maxima of ξ850 in ERA-I; and 250-hPa wind
vectors are discussed in Section 5.2.3 for seasonal mean and extreme England and Wales
precipitation events.
5.2.1 England and Wales precipitation
The ECMWF ERA-Interim reanalysis product was used for all spatial analysis in this
chapter. Daily precipitation data from the HadUKP England and Wales Precipitation
(EWP) dataset for the period 1 March 1980 to 30 November 2011 were processed ac-
cording to the time-series analysis method presented in Section 2.5. This categorises
precipitation events as “Extreme dry”, “Wet”, and “Extreme wet” through an iterative
highest-peaks method (Section 2.5).
For analysis using the CPA method, precipitation events are identified in the EWP time-
series (gauge-based observations of precipitation in England and Wales). EWP data are
provided on a daily period spanning 0900-0859. Precipitation and cyclone track data
are obtained from ERA-I, which provides 6-hourly output at 0000, 0600, 1200, and 1800
UTC. Therefore, to most closely align with the 0900-0859 UTC EWP daily period, data
are taken from ERA-I for daily period d from 0600, 1200 and 1800 UTC on day d, and
0000 on day d+ 1.
The mean event count per year for each event type is shown in Figure 5.1, as determined
by season and accumulation period. For short time-scale events, wet event frequency
greatly exceeds extreme wet event frequency. However, wet event frequency decreases
as event time-scale increases, due to fewer data points being available as the record is
divided into longer sections. Extreme dry event count may exceed extreme wet event
count in instances where a large number of time periods with zero precipitation are
found in the record. An average of 2.8 events extreme wet per year are identified for
each season on a one day accumulation time-scale (approximately p98), and an average of
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Figure 5.1: Mean event count per year for extreme dry, wet, and extreme wet event
categories. Y axis varies by row.
1 extreme event per year is identified for each season on 7-, 13- and 31-day accumulation
time-scales.
5.2.2 The North Atlantic storm track in ERA-I
Storm tracks were generated using the Hodges (1994, 1995) method on ξ850, with the
minimum movement criterion removed to allow the detection of slow moving features
(Section 2.4). Storm track densities in ERA-I are displayed by season in Figure 5.2.
These density maps highlight the key features of the North Atlantic storm track, with
the track densities at a maximum near the east coast of North America, where cyclones
are generated primarily through baroclinic processes, and in the lee of Greenland, where
cyclones are primarily generated by high orography. The storm track is tilted from south
west to north east, and a seasonal cycle is evident with peak track density in winter.
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Figure 5.2: Seasonal North Atlantic cyclone track density for ERA-I, 1980-2011.
Densities are calculated using spherical kernel estimators on a 5◦ spherical cap using
the Hodges (1996) method. Data are then interpolated to a 2◦ latitude/longitude grid.
5.2.3 250-hPa vector winds
Figure 5.3 shows the mean state of the wind vectors seasonally at 250 hPa, indicating
the position of the North Atlantic jet stream. All panels show the mean state being
a westerly to south-westerly wind, with an intensity maximum in the western North
Atlantic. The meridional tilt of the jet stream is shown to be greatest in DJF, with a
more zonal flow prevalent in JJA.
Mean wind vectors for dates associated with one-day extreme wet events over England
and Wales are shown in Figure 5.4(a-d), with anomalies against the seasonal mean given
in panels (e-h). In DJF, an extension and intensification of the one-day mean 250 hPa jet
stream is found (panel a), with a jet exit region over the British Isles and north-western
Europe. This synoptic situation is consistent with high rates of cyclogenesis, cyclone
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Figure 5.3: Seasonal mean vector winds from ERA-I, 1980-2011, 250-hPa. Data are
interpolated to a 2◦ grid.
intensification in the eastern North Atlantic, and a steering flow that acts to direct
features toward the England and Wales region. For MAM, JJA and SON, Figure 5.4
shows a similar pattern of vector winds for one-day extreme wet events. Relative to
the seasonal mean, these seasons show an extended jet with a prominent wave pattern,
approximately equal to a planetary wave of wave-number n = 6. This is reminiscent
of the quasi-stationary wave pattern observed by Blackburn et al. (2008), which found
that a quasi-stationary wave pattern of wave-number n = 6 lead to periods of low cy-
clone mobility over the UK, creating conditions for slow moving, intensely precipitating
cyclones to generate flooding over northern and western regions of England and Wales.
Stadtherr et al. (2016) and Petoukhov et al. (2016) also found similar quasi-stationary
wave patterns associated with extreme events in Europe. The 250 hPa MAM vector
wind (Figure 5.4[b]) also shows a split jet stream, consistent with blocking over the
Azores. The wave pattern found in MAM–SON in the seasonal means is also consistent
with a cyclonic flow anomaly relative to the seasonal mean, which is strongest in SON
(Figure 5.4h).
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Figure 5.4: (a-d): Mean vector winds at 250 hPa from ERA-I, 1980-2011, for one-day
extreme wet events. (e-h) Wind vector anomalies against seasonal mean, 1980-2011.
Data are interpolated to a 2◦ grid.
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Figure 5.5: Mean vector winds at 250 hPa from ERA-I, 1980-2011, for 31-day extreme
wet events. Data are interpolated to a 2◦ grid.
Mean wind vectors for 31-day extreme wet events are shown in Figure 5.5. Some features
in the 250-hPa winds are similar to the one-day extreme wet events (Figure 5.4). For
DJF, an extension and intensification of the North Atlantic jet at 250 hPa is evident
relative to the seasonal mean, with evidence of a direct flow aligned with the England
and Wales region. This situation is highly favourable to mobile cyclones, supporting
the hypothesis that cyclone clustering is related to extreme rainfall events in DJF at a
31-day time-scale. This is in agreement with Table 5.1, which indicates that DJF 31-day
extreme wet events have on average a 40% greater cyclone count than wet events for the
same period.
JJA, MAM and SON show a less direct 250-hPa wind flow than DJF. This less direct
flow is similar to the wave-like pattern observed in the one-day event mean wind plots,
suggesting that this wavenumber n = 6 pattern is persistent for long periods of time,
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Figure 5.6: Mean vector winds at 250 hPa from ERA-I, 1980-2011, for one-day ex-
treme dry events. Data are interpolated to a 2◦ grid.
and is related to extreme wet events in England and Wales on time-scales of 1–31 days.
Extreme wet events at the 31-day time-scale are found to be associated with faster wind
speeds across the North Atlantic than the seasonal mean. An intense jet extends in a
predominantly zonal direction across the North Atlantic, creating favourable conditions
for cyclogenesis and high cyclone mobility.
Extreme dry events in England and Wales, as shown in Figure 5.6, are characterised in
all seasons by a split 250 hPa wind flow, with a wind speed maximum to the north of
the British Isles. This pattern is consistent with the presence of a blocking high over
western Europe. A highly similar pattern is found at 31-day time-scales (not shown),
indicating that such situations are persistent on time-scales of 1–31 days.
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5.3 Clustering, stalling, and extreme precipitation events
in ERA-Interim
The CPA method has been applied to observed and re-analysed data in the recent climate
(1979–2005). The timing of precipitation events in England and Wales is determined
by analysis of the EWP time-series. In the following analysis, cyclone count per event
is used to describe the amount of clustering associated with precipitation events in the
EWP time-series. Stalling is defined by the residence times of extratropical cyclones
associated with England and Wales precipitation events. The statistical frequency of
extratropical cyclone clustering and stalling in conjunction with precipitation events of
different intensities are analysed in this section, along with an evaluation of the large-
scale conditions at the time of the precipitation events.
5.3.1 Relationship of cyclone clustering to extreme events
For the evaluation of the extent of extratropical cyclone clustering, precipitation accu-
mulation time-scales of 1, 7, 13, and 31 days are considered. Clustering is therefore
considered to be a function of event time-scale, as opposed to other clustering metrics
(e.g. Mailier et al. 2006) which represent cyclone clustering as over- or under-dispersed
events relative to a Poisson distribution with fixed rate. The distribution of cyclone
counts per event for wet events is shown in Figure 5.7.
The cyclone count distributions shown in Figure 5.7 indicate that one-day precipitation
events are most frequently associated with a single cyclone. The CPA method allows for
a maximum of one track to be associated per time-step, leading to a maximum of four
unique tracks per day for data with a 6-hour temporal resolution. Instances of more
than two tracks being associated with a single one-day precipitation event are shown to
be extremely rare.
For accumulation time-scales of 7 and 13 days, the distribution of cyclone count per
event approximates a normal distribution around the mean. The distribution pattern is
more irregular for 31-day events. This is likely to be due to the small sample size (36-40
events).
The mean cyclone count per event is displayed in Figure 5.8, as a metric of the impor-
tance of cyclone clustering for precipitation event intensity on 1-, 7-, 13-, and 31-day
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Figure 5.7: Histograms of cyclone count for both “Wet” and “Extreme wet” events
(combined) for 1-, 7-, 13- and 31-day accumulation periods. Vertical line indicates
mean. Bin width: 1 track. Events not associated with any cyclone track are not shown.
time-scales. Error bars display the Standard Error (SE = SD√
n
, where SD is the sample
standard deviation and n is the sample size). This provides a metric of uncertainty
which accounts for the variance in sample size between event classifications.
Accumulation period DJF MAM JJA SON
1 day 19.60 44.20 15.30 16.20
7 day 4.60 34.50 8.50 6.50
13 day 15.70 12.90 -9.80 17.80
31 day 21.80 35.00 26.20 26.40
Table 5.1: Percentage difference in mean cyclone count between wet and extreme
wet events. Positive value indicates higher mean cyclone count for extreme events.
Shading indicates that differences fall within the margin of standard error on the mean.
Bold type indicates significant differences by Kolmogorov-Smirnov test between wet
and extreme wet samples (p < 0.05)
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Figure 5.8: Bar plot of mean cyclone count per event. Data are plotted by season
and accumulation period for 1-, 7-, 13- and 31- day events. All events in the “Extreme
dry”, “Wet” and “Extreme wet” categories are shown. Error bars are standard error
on the mean. Y-axis differs between rows.
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Figure 5.9: Mean vector winds from ERA-I, 1980-2011, for 7-day wet/extreme wet
events associated with a high cyclone count (≥ 75th percentile). Data are interpolated
to a 2◦ grid.
For all seasons, mean cyclone count is higher for extreme wet events than for wet events
by at least the margin of standard error on the one-day and 31-day time-scales. For
MAM, a large (35%) increase in clustering is found at the 7-day time-scale. Cyclone
count is found to be associated most strongly with extreme events for all seasons at
31-day time-scales, with the lowest association with cyclone counts found in JJA at 7-
and 13-day time-scales. These statistics show that clustering is most relevant for long
accumulation period extreme events, whilst little increase in cyclone count is identified
in most seasons during the 1–13 day accumulation periods.
To analyse the synoptic-scale conditions associated with cyclone clusters and precipita-
tion events, all wet and extreme wet events have been analysed for cyclone count, with
events above the top 25thpercentile of cyclone count being considered to be “clustered”.
This method returns 7 events for each season at the 31 day time-scale. 7-day time-scale
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events are analysed here, to give information about clustering on weekly time-scales.
Wind vectors for clustered 7-day events are shown in Figure 5.9. Features broadly con-
sistent with those found for extreme daily and 31-day events, discussed in Section 5.2.3,
are evident, with high 250-hPa wind speeds found across the North Atlantic. A partic-
ularly intense jet is found in DJF. The strong jet stream creates favourable conditions
for cyclogenesis, intensification and advection of cyclones toward the England and Wales
region. In JJA, the wind speeds are higher and the direction more zonal than in the
“extreme wet” case (Figure 5.4). This indicates that fast moving cyclones may not be
the primary influence on extreme wet precipitation events during JJA.
5.3.2 Relationship of cyclone stalling to extreme events
The frequency distribution of cyclone residence times for both wet and extreme wet
events is displayed in Figure 5.10. The longest mean residence times are found in JJA
and SON. Mean residence time is approximately one day for all seasons and accumula-
tion periods.
Figure 5.11 shows mean residence time statistics for the three precipitation event cate-
gories. The black outlined bars display the mean residence time of all cyclones associated
with precipitation events of each category, giving information on the degree of stalling of
all cyclones associated with the England and Wales region during each event. This anal-
ysis is used to evaluate the influence of conditions which lead to slow moving and/or long
lasting cyclones during the full time period of an event. This type of event is shown to be
associated with extreme wet conditions on short time-scales, with mean residence time
found to be higher in extreme wet events than wet events for all seasons at the one- and
seven-day time-scales (see Table 5.2 for percentage differences). Significant increases in
mean residence time in extreme wet events are found for all seasons at daily time-scales,
whilst the greatest increases in mean residence time are found in JJA, where significance
is found at 1–13 day time-scales.The largest increases in mean residence times are found
at shorter time-scales and in the summer months, indicating that extreme wet England
and Wales events at 1–13 day time-scales during JJA are likely to be associated with
long-lived or stalling cyclones.
The solid coloured bars of Figure 5.11 display the mean (over all events) residence time
of the longest-lived cyclone associated with each event, giving information of the degree
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Figure 5.10: Histograms of residence times for “Wet” and “Extreme wet” events
(combined) for 1-, 7-, 13- and 31-day accumulation periods. Only events which were
associated with at least one track are shown. Vertical line indicates mean. Bin width:
6 hours.
Accumulation period DJF MAM JJA SON
1 day 6.4 12.2 12.2 7.3
7 day 7.0 4.2 16.5 10.9
13 day 2.6 6.4 14.7 5.9
31 day -0.7 0.9 3.9 0.8
Table 5.2: Difference (in %) in mean residence times between extreme wet and wet
events. Positive values indicate longer mean residence times in extreme wet events.
Grey cells indicate standard error exceeds difference. Bold type indicates significant
differences by Kolmogorov-Smirnov test between wet and extreme wet samples (p <
0.05)
of stalling of the most “stalled” cyclone of each event (“peak stalling”). This analysis is
used to evaluate the influence of a single stalled cyclone during the full time period of an
event, which may be embedded within a cluster of faster-moving cyclones. This type of
event may have large implications for flood risk, as a single exceptional cyclone within
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Figure 5.11: Overlaid bar plots indicating (1) mean residence time of all cyclones
in all events and (2) mean (over all events) of maximum residence time of cyclones
in each event. Data set (1) displayed as black outline bars, grey error bars; data set
(2) displayed as solid colour bars, black error bars. Data are plotted by season and
accumulation period for 1-, 7-, 13- and 31- day events. All events in the “Extreme
dry”, “Wet” and “Extreme wet” categories are shown. Error bars are standard error
on the mean.
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a generally wet period may cause flooding of saturated ground. This type of event was
observed during the UK floods of summer 2007 (Blackburn et al., 2008).
Accumulation period DJF MAM JJA SON
1 day 12.4 19.9 16.4 12.3
7 day 11.3 1.9 31.7 16.0
13 day 9.2 8.8 38.2 22.9
31 day -0.7 12.9 31.4 14.7
Table 5.3: Difference (in %) in mean (over all events) maximum residence time of
cyclones in each event (“peak stalling”) between extreme wet and wet events. Positive
values indicate higher mean residence times in extreme wet events. Grey cells indi-
cate standard error exceeds difference. Bold type indicates significant differences by
Kolmogorov-Smirnov test between wet and extreme wet samples (p < 0.05)
Peak stalling is found to be greater for extreme wet events than wet events on one-day
time-scales in all seasons (see Table 5.3), supporting the evidence from the previously
discussed mean residence times which indicated that stalling is a factor in extreme wet
events on short time-scales. The influence of peak stalling on extreme wet events is
greatest in JJA, where large differences are evident between wet event and extreme wet
peak stalling at time-scales from 1–31 days. These differences are significant at p < 0.05
level when measured using the Kolmogorov-Smirnov test. In DJF the difference between
wet event and extreme wet event peak stalling reduces with increasing time-scale, indi-
cating that peak stalling is most influential in DJF at 1- and 7-day time-scales.
To analyse the synoptic-scale conditions associated with stalled cyclones and precipita-
tion events, all wet and extreme wet events have been analysed for mean and maximum
residence time, with events over the top 25thpercentile of both mean and maximum
residence time being considered to include at least one “stalled” cyclone. 1- and 7-day
events are analysed here, to give information about stalling on daily to weekly time-
scales.
Figure 5.12 shows wind vectors for one-day wet and extreme wet precipitation events
associated with a long residence time (“stalled”) cyclone. Several features are notably
similar to the extreme wet case shown in Figure 5.4, with all seasons showing an ex-
tended jet at 250 hPa. However, whereas for DJF 1-day extreme wet events the jet
stream extends linearly across the British Isles at a high intensity, in the high residence
time case the trajectory of the jet deviates slightly to the south of the British Isles,
where it weakens. This pattern may act to drive the cyclone towards the British Isles
before slowing down, thus generating an active yet slow-moving cyclone. For MAM,
JJA and SON, a trough is evident over the British Isles, which may cause cyclones to
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Figure 5.12: Mean vector winds at 250 hPa from ERA-I, 1980-2011, for one-day
wet/extreme wet events associated with a long residence time cyclone (≥ 75th per-
centile). Data are interpolated to a 2◦ grid.
stall in that position. The 7-day “stalled” event synoptic charts in Figure 5.13 show a
similar synoptic situation to the one-day events.
In comparison to dry cases (e.g. Figure 5.6), Figures 5.12 and 5.13 show the absence
of a blocking region directly above the British Isles, and a more intense, zonal mean
jet stream position across the North Atlantic region. These features might be expected
in a “wet” event; however, the absence of a clearly identifiable blocking region is in
itself significant when considering the genesis of “stalling” events. A cyclone might be
expected to stall due to the presence of a block near the region of interest. However,
this appears not to be the dominant cause of stalling in the vicinity of the British Isles.
Stalling appears to be more regularly associated with the trough of a quasi-stationary
wave on the jet stream and cyclonic upper-level circulation to the north of the British
Isles, particularly in the summer months.
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Figure 5.13: Mean vector winds at 250 hPa from ERA-I, 1980-2011, for 7-day wet/ex-
treme wet events associated with a long residence time cyclone (≥ 75th percentile).
Data are interpolated to a 2◦ grid.
5.3.3 Precipitation intensity in extratropical cyclones
The mean precipitation accumulation per unique extratropical cyclone (from EWP) for
wet and extreme wet events is shown in Figure 5.14. This method of analysis allows
evaluation of the relative importance of individual cyclone intensity and total cyclone
count in precipitation events on varying time-scales. Where high values are shown, this
indicates that the event category in question tends to be associated either with more
intensely precipitating cyclones, or with cyclones that propagate slowly (stall) over the
England and Wales region (as discussed in Section 5.3.2). This plot indicates whether
cyclone count or cyclone precipitation accumulation is the more important factor in each
event classification.
For all seasons, the accumulated precipitation per cyclone for daily events is higher for
extreme wet events than for wet events, indicating that extreme daily accumulations
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Figure 5.14: Bar chart showing mean precipitation accumulation per extratropical
cyclone associated with wet and extreme wet events. Error bars show standard error
on the mean.
of precipitation are associated with intensely precipitating cyclones. The difference be-
tween the precipitation accumulation per cyclone decreases with increasing accumulation
period for all seasons, and at the 31-day time-scale little difference is evident between
precipitation accumulations per cyclone in wet and extreme wet events. This indicates
that for 31-day events, the precipitation rate or residence time of the cyclone is less
important than the cyclone count for all seasons. However, in JJA a larger difference
between precipitation accumulations per cyclone in wet and extreme wet events is evident
for 1–13 day accumulation periods. This indicates that for JJA, extreme precipitation
accumulations for 1–13 day periods are more strongly related to the total precipitation
accumulation per cyclone. This may be attributed to the longer residence times observed
in JJA extreme wet events (Figure 5.11).
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Figure 5.15: Bar chart showing mean precipitation accumulation per hour of cyclone
residence time, for cyclones associated with wet and extreme wet events. Error bars
show standard error on the mean.
These results show that the contribution of individual cyclones to the total accumulated
precipitation is most influential at short time-scales and in the summer months. Storm
intensity is not strongly influential on the total precipitation accumulation for extreme
wet events in any season for 31-day precipitation accumulations, indicating that the total
cyclone count is more important than cyclone residence times or precipitation intensity
for the development of extreme precipitation events at 31-day accumulation periods.
The mean hourly precipitation rate for wet and extreme wet events is displayed in Fig-
ure 5.15, calculated as the total precipitation accumulation divided by the cumulative
Chapter 5. Analysis of the recent climate 93
residence time of all extratropical cyclones associated with each event. This measure-
ment shows the precipitation intensity of cyclones associated with England and Wales
precipitation events. Whereas the statistics of mean precipitation accumulation per
extratropical cyclone displayed in Figure 5.14 indicates where large precipitation accu-
mulations are generated by individual cyclones, the hourly precipitation measurement
shown in Figure 5.14 gives information on the precipitation rate in these cyclones. For
example, an extreme event generated by a single cyclone may be caused by a fast-moving
cyclone with a high precipitation rate, or by a slow-moving cyclone with a lower precip-
itation rate. In Figure 5.15, high values indicate a prevalence of cyclones with a high
precipitation rate.
Extreme wet events in all seasons on daily time-scales are found to be associated with cy-
clones with a higher precipitation rate than wet events in Figure 5.14. At the seven-day
time-scale, the equinoctial seasons (MAM and SON) both show larger hourly precip-
itation accumulations for extreme wet events. On all other time-scales, no significant
difference between wet and extreme wet event mean hourly precipitation is found. This
indicates that on daily time-scales for all seasons, and on seven-day time-scales for MAM
and SON, high precipitation rates are strongly related to extreme precipitation accumu-
lations. However, at longer time-scales, the mean precipitation per cyclone hour reduces
for extreme wet events relative to wet events. This indicates that for longer accumula-
tion time-scales, the total cyclone residence time (which may be generated by number
or duration of cyclones) is more relevant than individual cyclone precipitation intensity.
5.4 Discussion and conclusions
In this chapter the relationship between extratropical cyclone movement patterns and
England and Wales precipitation events has been analysed. Precipitation events were
identified in the EWP series of observed England and Wales precipitation. These events
were matched with cyclone track data from the output of CPA analysis on ERA-I data
for the period 1980-2011. Clustering and stalling were analysed in terms of cyclone
count per event, and mean / maximum cyclone residence time per event respectively.
Precipitation events derived from the HadUKP England and Wales Precipitation record
have been analysed using data from ERA-I and the CPA method, to determine the
influence of cyclone clustering and stalling on the intensity of England and Wales pre-
cipitation events. “Clustering” was defined as the total cyclone count associated with
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each event over its full time-period. Stalling was defined by two measurements: (1)
mean residence time across all cyclones in all events, and (2) mean across all events
of the maximum cyclone residence time in each event. Mean cyclone residence time
indicates the degree to which all cyclones that interact with England and Wales during
the precipitation event are moving more slowly than usual. Maximum cyclone residence
time indicates the degree to which the longest-lasting cyclone in the event has stalled.
This is designed to highlight cases where a single stalled cyclone is embedded within a
series of more mobile cyclones during the course of the precipitation event.
A large amount of variability in the degree of clustering in extreme events is present
due to the small sample size of the extreme events. However, DJF and SON showed
higher cyclone counts for extreme wet events than wet events on the 13- and 31-day
time-scales (Table 5.1). All seasons were found to have a higher mean cyclone count
for extreme wet events than wet events on 1- and 31-day time-scales. The increased cy-
clone count for 1-day time-scales may indicate that extreme wet events are more likely
to have multiple cyclone features in the vicinity of England and Wales; for example an
intense cyclone may generate a secondary vorticity feature on its fronts. However, the
high rates of clustering for longer time-scales may indicate a more mobile synoptic-scale
situation, as is indicated by the synoptic-scale wind vector plots in Section 5.3.1. We
conclude that over 31-day time-scales for all seasons, and over 13-day time-scales for
DJF and SON, cyclone clustering is a factor in generating England and Wales precip-
itation extremes. Cyclone clustering was found in Section 5.3.1 to be associated with
a 250-hPa jet that was stronger, more zonal, and extended toward the east relative to
the seasonal mean, which is consistent with the situation described by Priestley et al.
(2016) as being conducive to Rossby wave breaking and clustered extratropical cyclones.
In considering the influence of extratropical cyclone stalling, we must consider two dif-
ferent scenarios. The first scenario, represented by the mean residence time over all
cyclones in all events, is characterised by a period of low cyclone mobility spanning
most or all of the event period. Such situations were found to be associated with ex-
treme wet events at short time-scales (1–13 days) in all seasons, with extreme wet JJA
events returning particularly high differentials between wet and extreme wet event mean
residence time. At the 31 day time-scale, very little difference between wet and extreme
wet event residence times was found for DJF, MAM and SON, with a small increase in
JJA extreme wet event mean residence times, indicating that over this time-scale there
is little difference in the average stalling of cyclones between wet and extreme wet events..
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The second scenario to be considered in the analysis of extra-tropic cyclone stalling is
that of a single stalled cyclone embedded within a more mobile period. This situation
has been witnessed in flooding events (e.g. summer 2007, November 2009), when precip-
itation from a mobile series of extratropical cyclones saturates the ground, and a stalled
cyclone generates enough precipitation to cause flooding. This situation was found to be
more prevalent for extreme wet events than for wet events in all seasons. JJA and SON
showed particularly high (12–38%) differentials in mean maximum cyclone residence
time between extreme wet and wet events, indicating that the extent of peak stalling in
these seasons is particularly influential on precipitation accumulations.
For periods of low cyclone mobility (implied by long cyclone residence times), the 250 hPa
jet stream was found to be intensified and extended towards England and Wales relative
to the seasonal mean, but to a lesser degree than in the extreme wet event means or
the high cyclone count event means. In the “stalled” event means, a trough over Great
Britain is evident, represented by a curvature of the jet stream towards the south. In
JJA and SON, a wave pattern consistent with a wavenumber n = 6 stationary wave
is identified in these cases, mirroring the findings of Blackburn et al. (2008). For all
seasons, the jet stream core at 250 hPa does not extend beyond the British Isles, unlike
that found in the high cyclone count cases. However, there is no significant blocking
feature near the British Isles, indicating that cyclone stalling is caused by more compli-
cated situations than a simple blocking region.
The key conclusions of this chapter are as follows:
• Clustered extratropical cyclones are associated with historical extreme precipita-
tion events in England and Wales in all seasons at 31-day accumulation periods.
A strong association between clustered extratropical cyclones and extreme wet
events is also identified in MAM at the daily accumulation time-scale.
• Stalled extratropical cyclones are most strongly associated with JJA extreme wet
events, but stalling is relevant for precipitation extremes for all seasons at short
(1–7 day) time-scales.
• Stalled extratropical cyclones embedded within a period of more mobile extrat-
ropical cyclones are commonly associated with extreme precipitation events. This
phenomenon is particularly evident in JJA, where a significantly increased maxi-
mum residence time for extreme wet events is identified for 1–31 day events.
• The position and intensity of the 250-hPa jet stream is associated with the gen-
eration of both clustered and stalled periods. An intense, zonal jet stream with
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jet exit region located over or to the east of the British Isles is associated with
clustered cyclones leading to England and Wales precipitation events. Stalled cy-
clones are associated with a jet stream exhibiting a wave pattern of approximate
wavelength n = 6 and an upper-level trough over the British isles.
This chapter has established the relationship between England and Wales precipitation
events and clustered and stalled extratropical cyclones in the recent climate. To un-
derstand how these relationships are likely to change in the future climate, we must
understand which aspects of these relationships are well represented in climate model.
Chapter 6 investigates the ability of the HadGEM2-ES climate model to reproduce
observed patterns of clustering and stalling in extratropical cyclones associated with
England and Wales precipitation events, using a historical run of the model.
Chapter 6
Evaluation of clustering, stalling
and England and Wales
precipitation events in
HadGEM2-ES
6.1 Introduction
In this chapter, the extent to which a climate model can represent the relationship be-
tween clustering and stalling of extratropical cyclones and extreme precipitation events
over England and Wales is evaluated. To give confidence in the ability of HadGEM2-
ES to simulate changes to the storm tracks in a future climate scenario, it must first
be analysed against a historical reanalysis. This analysis is intended to highlight any
differences in the generation of extreme wet events over England and Wales between
HadGEM2-ES Historical and ERA-I, including their ability to represent key features of
the North Atlantic storm track, and the relationship between clustering, stalling, and
extreme precipitation events in England and Wales.
The CMIP5 “Historical” experiment of HadGEM2-ES had been analysed against ERA-I
in terms of its representation of precipitation over England and Wales; 250-hPa vector
wind speeds and positions over the North Atlantic and Europe; cyclone track densities
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and propagation speeds over the north-eastern Atlantic; and cyclone counts and resi-
dence times for cyclones associated with precipitation events in England and Wales, gen-
erated from analysis with the CPA method (Chapter 4). For analysis of the HadGEM2-
ES Historical experiment, the r2i1p1 ensemble member was selected as data were not
available for sub-daily wind and precipitation in other ensemble members at time of
analysis. Data for ERA-I, EWP and HadGEM2-ES Historical were evaluated over a
common time-period of 1979–2005, representing the longest period of overlap between
the three datasets.
The ability of HadGEM2-ES to model precipitation distributions over England and
Wales is evaluated in Section 6.2. The representation of the North Atlantic storm track
is evaluated in Section 6.3. This analysis includes discussion of the general properties
of the North Atlantic storm track in HadGEM2-ES, including 250-hPa wind speeds,
cyclone frequency, and extratropical cyclone propagation speeds. Precipitation events
in HadGEM2-ES are analysed with respect to the level of clustering and stalling of
extratropical cyclones identified using the CPA method in Section 6.4. The role of
extratropical cyclone precipitation intensity in the generation of precipitation events
in both the climate model and reanalysis is also analysed in this section. Finally, a
discussion of the key findings of this chapter is given in Section 6.5.
6.2 England and Wales precipitation in HadGEM2-ES
Histograms of one-day precipitation totals in ERA-I, EWP and HadGEM2-ES are shown
in Figure 6.1, for all days with ≥ 1 mm precipitation. For the gridded datasets (ERA-I
and HadGEM2-ES), precipitation was spatially averaged over the England and Wales
region (Figure 2.2). Both the climate model and the reanalysis represent the shape of
the frequency distribution well with respect to EWP. The seasonal means of the daily
precipitation accumulations (indicated by the solid black line) are approximately equal
between ERA-I and HadGEM2-ES, but lower than EWP for all seasons (values shown in
Table 6.1). As an indicator of the ability of each data-set to reproduce extreme events,
the 98th percentiles of the distributions are indicated on Figure 6.1 as a dashed line. As
with the mean, the 98th percentile value is consistently higher in EWP than in ERA-I
and HadGEM2-ES, whilst both ERA-I and HadGEM2-ES return similar 98th percentile
values.
The percentage of days with < 1 mm precipitation (“dry days”) in EWP, ERA-I and
HadGEM2-ES Historical is shown in Table 6.2. ERA-I and HadGEM2-ES are both found
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Figure 6.1: Histograms of daily precipitation accumulation for wet days (> 1 mm pre-
cipitation) in ERA-I (top), EWP (middle), HadGEM2-ES Historical r2i1p1 (bottom).
Solid black line indicates mean. Dashed black line indicates 98thpercentile. Model pre-
cipitation is averaged over a box bounded by 8.75◦W-3.25◦E, 49◦N-55.5◦N (England
and Wales region, Rhodes et al. 2015). Data are taken from a common period of 1 Jan
1980 to 30 Dec 2005.
to underestimate the frequency of dry days relative to EWP. The problem of climate
models producing too few dry days and underestimating extreme event intensity is well
known (e.g. Dai 2006, Liu et al. 2014, Sivakumar 2011), and thus HadGEM2-ES may
be expected not to represent some features of the extreme precipitation distributions
observed in the EWP record. ERA-I has also been previously found not to represent
the intensity or timing of extreme precipitation well with respect to observations over
England and Wales (Rhodes et al. 2015, Chapter 3).
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Mean p98
Season Model
(mm d−1) (mm d−1)
DJF
EWP 2.9 14.1
ERA-I 2.6 10.1
HadGEM2-ES 3.2 11.8
MAM
EWP 2.2 11.5
ERA-I 1.9 7.3
HadGEM2-ES 2.1 8.33
JJA
EWP 2.2 12.2
ERA-I 1.8 7.5
HadGEM2-ES 1.4 6.5
SON
EWP 3.1 15.8
ERA-I 2.7 10.5
HadGEM2-ES 2.4 10.9
Table 6.1: Mean and 98th percentile (p98) values of daily precipitation in England
and Wales Precipitation (“EWP”), ERA-I (“ERA-I”), and HadGEM2-ES Historical
r2i1p1 (“HadGEM2-ES”). Data included for 1979–2005.
For further analysis of England and Wales precipitation events in HadGEM2-ES, data
were accumulated into 1-, 7-, 13- and 31-day periods and analysed with a Peaks-Over-
Threshold method as described in Chapter 5. The minimum value recorded for one-day
wet and extreme wet events are also shown in Table 6.3. The minimum extreme wet
event values are consistently lower in ERA-I and HadGEM2-ES than in EWP. ERA-I and
HadGEM2-ES also both overestimate the frequency of low daily rainfall accumulations
(excess drizzle) (not shown). However, HadGEM2-ES and ERA-I compare favourably
with each other.
6.3 The North Atlantic storm track in HadGEM2-ES
Before evaluating the ability of HadGEM2-ES to represent clustering and stalling of
extratropical cyclones in association with England and Wales precipitation events, it
is necessary to consider its representation of the North Atlantic storm track. In this
EWP % ERA-I % HadGEM2-ES %
DJF 43.8 36.9 31.1
MAM 50.9 44.1 41.7
JJA 52.2 45.8 57.4
SON 43.5 35.6 42.6
Table 6.2: Dry day frequencies in EWP, ERA-I and HadGEM2-ES (Historical). “Dry
day” defined as events with < 1 mm precipitation.
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Season Model “Wet” minimum “Extreme wet” minimum
DJF
EWP 1.35 13.19
ERA-I 1.69 9.54
HadGEM2-ES 2.12 11.26
MAM
EWP 1.29 10.52
ERA-I 0.96 6.88
HadGEM2-ES 1.37 7.84
JJA
EWP 0.85 11.21
ERA-I 1.19 7.02
HadGEM2-ES 0.72 6.16
SON
EWP 1.41 15.14
ERA-I 1.81 9.92
HadGEM2-ES 1.37 10.14
Table 6.3: Minimum values of total daily precipitation accumulation in mm d−1 by
season for wet and extreme wet events in EWP, ERA-I and HadGEM2-ES, one-day
accumulations
section, comparisons are drawn against the North Atlantic storm track in ERA-I, as
represented by the location of the 250-hPa jet, and by analysis of features identified by
the Hodges (1994, 1995) tracking algorithm.
6.3.1 Seasonal mean vector winds
It is important to consider the representation of 250-hPa wind vectors in HadGEM2-
ES, as winds at this level form the North Atlantic jet. The North Atlantic jet plays
important roles in cyclogenesis, cyclone propagation speed, and cyclone intensification.
Figure 6.2 shows seasonal mean 250-hPa wind vectors over the North Atlantic, in ERA-I
and HadGEM2-ES for a common period of 1980-2005. For all seasons in ERA-I, a region
of intense 250-hPa wind is found near the north-eastern coast of North America, with
the jet extending to the west or north-west from this region. These features indicate the
mean state of the North Atlantic jet.
HadGEM2-ES represents the seasonal average 250-hPa vector winds well in comparison
to ERA-I in the region of the North Atlantic storm track. The seasonal cycle of wind
intensities and directions is well represented, with the strongest winds in DJF and a
minimum wind speed in JJA. For DJF a small overestimation of peak wind speeds in
the eastern North Atlantic is found in HadGEM2-ES relative to ERA-I, with slightly
weaker average wind speeds (7.1% reduction relative to ERA-I) over the British Isles
(Table 6.4). The 250-hPa winds in HadGEM2-ES are weaker than in ERA-I in JJA, with
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Figure 6.2: Seasonal mean 250-hPa vector wind speed and direction in (left) ERA-I
and (right) HadGEM2-ES Historical experiment (r2i1p1 ensemble member), 1980–2005.
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a reduction in wind speeds relative to ERA-I of 16.8% over the British Isles (Table 6.4).
ERA-I
u (ms−1)
HadGEM2-ES
u (ms−1) Difference (%)
DJF 19.5 18.1 -7.1
MAM 13.0 14.0 7.9
JJA 14.6 12.2 -16.8
SON 17.2 14.1 -17.7
Table 6.4: Seasonal mean 250-hPa vector wind speed, 1980–2005, ERA-I and
HadGEM2-ES Historical. Spatial mean of data points within the British Isles region.
Positive values of “difference” indicate higher wind speeds in HadGEM2-ES than in
ERA-I.
6.3.2 Storm track density in the North Atlantic
Track densities in the North Atlantic region for HadGEM2-ES Historical and ERA-I are
shown for a common period of 1980-2005 in Figure 6.3. The main North Atlantic storm
track is visible for all seasons, extending approximately from the eastern coast of North
America north-west to Iceland. A seasonal cycle is evident in the storm track, with
the highest track frequencies in the North Atlantic being found in DJF. For DJF and
MAM, two distinct maxima are observed. One maximum if located near the east coast
of North America, corresponding to the main baroclinic cyclogenesis zone, and a second
maximum is found between the southern tip of Greenland and Iceland, corresponding to
an orographic cyclogenesis zone generated by the high orography of Greenland (Hoskins
and Hodges, 2002).
HadGEM2-ES represents key features of the storm track in a comparable fashion to
ERA-I, including the separate maxima in DJF and MAM. Track frequency anomalies in
HadGEM2-ES Historical with respect to ERA-I are shown in Figure 6.4. The anomaly
figures indicate little systematic difference between ERA-I and HadGEM2-ES in the
North Atlantic region in DJF and MAM, with a low level of signal to noise. In SON,
HadGEM2-ES produces a strong maximum of cyclone track frequency close to the south-
ern tip of Greenland, with lower frequencies near the east coast of North America. This
anomaly is clear in Figure 6.4, with high percentage anomalies along the eastern coast of
Greenland. For JJA the HadGEM2-ES storm track shows a greatly reduced track den-
sity when compared with ERA-I, with fewer cyclones tracking directly from the western
North Atlantic to the region of the British Isles in HadGEM2-ES than in ERA-I; this
is reflected in the low HadGEM2-ES British Isles cyclone count for JJA in Table 6.5.
This is consistent with the finding of Zappa et al. (2013a) that indicates a reduced JJA
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North Atlantic track density in the CMIP5 models. A lower track density near the
British Isles is evident in HadGEM2-ES for SON in Figure 6.4, with cyclone tracks in
HadGEM2-ES tending to cluster around the east coast of Greenland to a greater extent
than in ERA-I. The low frequency of HadGEM2-ES cyclones tracking directly west-east
across the North Atlantic in SON is also noted in Table 6.5.
6.3.3 Number and speed of extratropical cyclones in the Eastern North
Atlantic
Table 6.5 shows the number of unique cyclone tracks per month in ERA-I and HadGEM2-
ES between 1980–2005 travelling through the British Isles region (Figure 2.2). HadGEM2-
ES finds fewer cyclones crossing directly over the British Isles for all seasons. The largest
under-estimation is found in JJA, and the smallest under-estimation is found in DJF.
For the full period 1980–2005, the Hodges (1995) tracking algorithm on ξ850 identifies a
total of 2,619 cyclones in ERA-I and 2,214 cyclones in HadGEM2-ES in the British Isles
region (15.46% underestimate in HadGEM2-ES); a mean of 87.3 and 73.8 cyclones per
year in ERA-I and HadGEM2-ES respectively. These results show that HadGEM2-ES
produces too few cyclones in the British Isles region, with a particular deficit in JJA
and SON. This finding is in agreement with the findings of Zappa et al. (2013a), which
showed that a reduced number of cyclones were identified in the eastern North Atlantic
in an evaluation of the CMIP5 multimodel average representation of the Northern Hemi-
sphere storm tracks.
Track frequency
Season Model
(month−1)
ERA-I 8.0
DJF
Historical 7.6 (-5.0%)
ERA-I 6.8
MAM
Historical 6.1 (-10.3%)
ERA-I 7.0
JJA
Historical 5.0 (-28.6%)
ERA-I 7.3
SON
Historical 5.9 (-19.2%)
Table 6.5: Frequency of unique cyclone tracks propagating through the British Isles
region (see Figure 6.3). Figures in brackets indicate the percentage difference between
ERA-I and HadGEM2-ES Historical (positive values indicate higher track frequency in
HadGEM2-ES than ERA-I).
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Figure 6.3: Storm track density for ERA-I and HadGEM2-ES Historical r2i1p1, for
a common period of 1980-2005. Track density was calculated as frequency of unique
cyclone tracks on a 5◦ spherical cap using spherical kernel estimators (Hodges, 1996).
Storm tracks identified using the Hodges (1995) method on ξ850. Data interpolated to
2◦ longitude-latitude grid. Green circle indicates British Isles region
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Figure 6.4: Track density anomaly in HadGEM2-ES Historical (r2i1p1) data for 1980-
2005, with respect to ERA-I for the same period. Densities calculated as per Figure 6.3.
6.3.4 North Atlantic extratropical cyclone propagation speeds
Figure 6.5 shows histograms of extratropical cyclone centre propagation speeds, using
the Hodges (1995) tracking scheme on ξ850 in ERA-I (top) and HadGEM2-ES (bot-
tom). Speed v on the great circle of Earth radius Re = 6378.145 km is calculated for
each time-step i for a cyclone of (longitude,latitude) position (x, y) with a time-step t
using a centred-difference equation. The following formulae are used to calculate dis-
tances on the great circle, given inputs of longitude/latitude co-ordinates in radians
(x1, y1), (x2, y2), for pairs (x[i−1], y[i−1]), (x[i], y[i]) and (x[i], y[i]), (x[i+1], y[i+1]):
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∆x = x2 − x1
∆y = y2 − y1
a = sin
∆y1
2
2
+ cos(y[i]) · cos(y[i−1]) · sin
∆x1
2
2
c = 2 arctan2(
√
a,
√
1− a)
d = Rec
Distances d1 and d2 are calculated for the two (longitude,latitude) pairs. The centred
difference speed |v| is then calculated as follows:
|v| = d1 + d2
2t
To calculate the frequency distributions of extratropical cyclone propagation speeds,
data are analysed using the above equations for cyclones at time-steps during which
they are located within the Eastern North Atlantic region (Figure 2.2). Both the cli-
mate model and reanalysis capture a similar range and distribution of track speeds;
however, the cyclone propagation speed distribution from HadGEM2-ES is more posi-
tively skewed than ERA-I (DJF skewness: ERA-I 0.4, HadGEM2-ES 4.4. JJA skewness:
ERA-I 0.8, HadGEM2-ES 4.8). Extra-tropical cyclone centres in HadGEM2-ES prop-
agate on average at slower speeds than those in ERA-I. HadGEM2-ES underestimates
the mean cyclone propagation speed relative to ERA-I for all seasons, as follows: DJF
-23.8%, MAM -18.8%, JJA -19.9%, SON -17.5%. For JJA and SON the underestimation
of cyclone propagation speeds in the eastern North Atlantic is of a similar magnitude
to the underestimation of mean wind speed (|u|250) over the British Isles, as shown in
Table 6.4.
The underestimation of cyclone propagation speed in HadGEM2-ES is consistent with
the results of Froude (2010), which found that all ensemble members of the TIGGE
(The Observing System Research and Predictability Experiment (THORPEX) Interac-
tive Grand Global Ensemble) project underestimated cyclone propagation speed, with
mean error between model and analysis ranging from 10-16 km h−1. The difference be-
tween HadGEM2-ES and ERA-I is slightly lower than observed with the TIGGE mod-
els, with extratropical cyclones in HadGEM2-ES propagating 7–12 km h−1 slower than
ERA-I. Extratropical cyclones in the North Atlantic storm track in HadGEM2-ES move
slowest relative to ERA-I in DJF, moving on average 24% slower than cyclones in ERA-I.
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Figure 6.5: Histograms of extratropical cyclone speed for all tracks identified within
the eastern North Atlantic region (Figure 2.2). ERA-I in green (above line), HadGEM2-
ES Historical r2i1p1 in orange (below line). Data analysed for a common period of 1980-
2005. Means are marked as solid black line, quartiles are marked as dashed black lines.
Samples are binned to 10 km/h intervals and displayed back-to-back for comparison.
6.4 Clustering, stalling, and precipitation events in HadGEM2-
ES Historical
To evaluate the ability of HadGEM2-ES to project future conditions related to the
North Atlantic storm track, its ability to represent key features in the synoptic-scale
wind patterns should be evaluated. Analysis of 250-hPa vector wind speeds and direc-
tions has been performed for one-day accumulation “extreme wet” precipitation events,
and precipitation events associated with a high (≥ 75th percentile) cyclone count or
mean cyclone residence time. The HadGEM2-ES results are evaluated with ERA-I.
Data were taken from a common period of 1980–2005.
6.4.1 Extreme England and Wales precipitation events
Before considering the influence of extratropical cyclone clustering and stalling on pre-
cipitation events in England and Wales, it is important to know how well HadGEM2-ES
represents the large-scale conditions which lead to extreme wet events, regardless of
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Figure 6.6: Mean 250-hPa vector wind speed and direction for days associated with
an “extreme wet” one-day precipitation accumulation event, by season. (left) ERA-I
and (right) HadGEM2-ES Historical experiment (r2i1p1 ensemble member), 1980-2005.
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clustering and stalling patterns. Figure 6.6 shows the mean 250-hPa winds on days with
“extreme wet” one-day precipitation events over England and Wales within ERA-I and
HadGEM2-ES. When compared with the seasonal mean winds shown in Figure 6.2, each
panel shows an extension of the 250-hPa jet toward western Europe, which is associated
with the intensification of North Atlantic cyclones, and their propagation towards north-
western Europe. However, when comparing “extreme wet” event mean wind patterns
between ERA-I and HadGEM2-ES, some differences can be noted. In DJF, HadGEM2-
ES shows a similar mean wind pattern to ERA-I, with an intensified jet relative to the
seasonal mean, and strong westerly wind speeds near the UK. However, the wind speed
in the jet stream is weaker in HadGEM2-ES than in ERA-I, particularly near the British
Isles. A region of divergence directly over the British Isles is indicated in both the cli-
mate model and reanalysis.
In MAM, JJA and SON, a distinct wave-like pattern is found in the ERA-I 250-hPa vec-
tor wind mean, characterised by a ridge in the mid-North Atlantic and troughs over the
western coast of North America and near the British Isles. In HadGEM2-ES a similar
pattern is found in MAM and SON, with a weaker northerly component at the eastern
end of the jet stream. In JJA little of the jet structure can be identified in HadGEM2-
ES. Westerly winds are present, but no distinct structure is found in the mean wind
speeds. This indicates that the JJA 250-hPa jet stream in HadGEM2-ES is either very
weakly represented, or that its position is highly variable in extreme wet cases.
ERA-I
u (ms−1)
HadGEM2-ES
u (ms−1) Difference (%)
DJF 31.5 16.7 -47.1
MAM 16.6 17.9 7.5
JJA 12.5 8.7 -30.6
SON 22.1 14.6 -33.8
Table 6.6: “Extreme wet” one-day event mean 250-hPa vector wind speed, 1980–
2005, ERA-I and HadGEM2-ES Historical (r2i1p1 ensemble member). Spatial mean of
data points within the British Isles region (Figure 2.2). Positive values of “difference”
indicate higher wind speeds in HadGEM2-ES than in ERA-I.
Extratropical cyclone tracks for all 7-day accumulation period extreme wet events in
ERA-I and HadGEM2-ES are shown in Figure 6.7. The same tracks are shown at the
time of their association with an England and Wales extreme wet precipitation event
in Figure 6.8. Storms in both the climate model and reanalysis tend to approach the
British Isles from the south-west, with many cyclones making direct crossings of the
England and Wales region, particularly in JJA and SON. Some more distant cyclones
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Figure 6.7: Cyclone tracks for all cyclones associated with extreme wet 7-day pre-
cipitation events in (a,c,e,g) ERA-I and (b,d,f,h) HadGEM2-ES Historical for a com-
mon period 1980–2005. Cyclogenesis points marked as blue triangles; cyclolysis points
marked as red squares.
Chapter 6. HadGEM2-ES historical evaluation 112
a
D
JF
ERA−I
b
Hist.
c
M
AM
d
e
JJ
A
f
g
SO
N
h
Figure 6.8: “Associated” locations of tracks for extreme wet 7-day events in the high
residence time categories. (a,c,e,g) ERA-I and (b,d,f,h) HadGEM2-ES Historical, for
a common period 1980–2005. Data as per Figure 6.12, locations shown only for times
when tracks were associated with an England and Wales precipitation event.
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are associated with extreme wet precipitation events in DJF and SON in both the cli-
mate model and reanalysis, and in MAM in HadGEM2-ES, indicating the presence of
long, interupted rain bands in the model output. In DJF, cyclones in ERA-I are more
likely to directly cross the England and Wales region, whilst HadGEM2-ES has a greater
number of cyclones tracking to the north. JJA cyclones in both the climate model and
reanalysis are more erratic in their direction of propagation than DJF cyclones, which
can be attributed to weaker upper-level jet in JJA (Table 6.6). For SON, ERA-I shows
the majority of cyclone tracks crossing directly over the southern England and Wales
region at the time of association. In HadGEM2-ES, a large subset of cyclones follow
the same pattern, but a second subset of cyclones are located to the north-west of the
British Isles at time of association, implying the presence of a precipitation band ex-
tending from the cyclone to the England and Wales region. Both the climate model and
reanalysis produce broadly similar cyclone tracks for extreme wet precipitation events,
with differences being relatively minor.
6.4.2 Clustering in HadGEM2-ES
Mean cyclone count per event, which is used to indicate clustering, is shown for wet and
extreme wet England and Wales precipitation events in Figure 6.9. HadGEM2-ES is
found to consistently associate a greater number of cyclones with each 7-day wet precip-
itation event than ERA-I, with the level of overestimation highest being in MAM. For
extreme wet precipitation events, HadGEM2-ES does not systematically over- or under-
represent cyclone counts with respect to ERA-I. Mean cyclone counts for HadGEM2-ES
lie within the range of standard error relative to ERA-I for most seasons and accumula-
tion periods. For 31-day events, ERA-I consistently associates higher cyclone counts to
extreme wet events than to wet events. This response is not found in HadGEM2-ES for
31-day accumulations.
To compare the representation of high cyclone count events in HadGEM2-ES and ERA-
I, 7-day accumulation period wet and extreme wet England and Wales precipitation
events associated with high (≥ 75th percentile) cyclone counts were selected (termed
“high cyclone count precipitation events”). Mean wind vectors at 250-hPa are shown
in Figure 6.10). In ERA-I, these cases are characterised for all seasons by an increased
zonal wind speed at 250-hPa, with strong wind speeds (> 40 ms−1 in DJF, > 25 ms−1
in JJA). The jet stream is particularly prominent in DJF, with strong zonal flow over
the North Atlantic and a region of divergence over the British Isles. Wind speeds weaken
in the summer months, and the jet stream is less zonal, but wind speeds are still fast
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Figure 6.9: Mean cyclone count per event for wet and extreme wet events in ERA-I
and HadGEM2-ES Historical. Error bars are standard error on the mean.
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Figure 6.10: Mean 250-hPa vector wind speed and direction for days associated
with a wet or extreme wet 7-day England and Wales precipitation event, and a high
(> 75th percentile) cyclone count. (Left) ERA-I and (right) HadGEM2-ES Historical
experiment (r2i1p1 ensemble member), 1980–2005
Chapter 6. HadGEM2-ES historical evaluation 116
near the British Isles. In HadGEM2-ES, the 250-hPa vector winds are quite differently
represented for high cyclone count cases. In DJF, mean winds are less zonal and slower
than in ERA-I. For all seasons, a greater northward component of wind flow is found in
the mid-North Atlantic, directing the jet stream north toward Iceland. In DJF, MAM
and SON, this northward flow is then observed to curve to the south towards the British
Isles. Some evidence of an intensified and extended jet stream is found for all seasons
in HadGEM2-ES relative to the seasonal mean.
ERA-I
u (ms−1)
HadGEM2-ES
u (ms−1) Difference (%)
DJF 36.0 15.7 -56.4
MAM 20.4 15.9 -21.9
JJA 20.0 14.4 -28.4
SON 27.6 17.5 -36.5
Table 6.7: High cyclone count wet and extreme wet event mean 250-hPa vector
wind speed, 1980–2005, ERA-I and HadGEM2-ES Historical (r2i1p1 ensemble mem-
ber). Spatial mean of data points within the British Isles region (Figure 2.2). Positive
values of “difference” indicate higher wind speeds in HadGEM2-ES than in ERA-I.
Differences in wind speed over the British Isles between ERA-I and HadGEM2-ES for
dates with high cyclone counts are shown in Table 6.7. HadGEM2-ES underestimates
wind speed near the British Isles for all seasons, with the largest difference being in
DJF. Since DJF high cyclone count cases are characterised in ERA-I by an intense jet
stream extended across the British Isles, this indicates that HadGEM2-ES generates
high cyclone counts associated with England and Wales precipitation events through a
different mechanism to ERA-I.
Since Table 6.5 indicates fewer tracks propagating through the eastern North Atlantic for
all seasons in HadGEM2-ES relative to ERA-I, the higher mean cyclone count per wet
event in HadGEM2-ES cannot be attributed to a higher track density. Figure 6.11 shows
histograms of the distance between each track and a point at 55◦N 5◦E (representing the
central point of the British Isles, c.f. Pinto et al. 2013), at the point of closest approach.
HadGEM2-ES is found to associate tracks at a greater distance from this point than
ERA-I. This suggests that the structure of precipitation bands within HadGEM2-ES are
such that continuous bands of precipitation regularly extend to greater distances from
the England and Wales region than those found in the ERA-I data. The addition of
track associations at greater distances from England and Wales accounts for some of the
increased cyclone count in wet events.
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Figure 6.11: Histograms of distance to tracks within 2,000km of 55◦N 5◦E at the time
of their closest approach. Tracks from ERA-I and HadGEM2-ES are shown. Histograms
are shown for “All tracks” (regardless of their association with an England and Wales
precipitation event, and for “CPA” tracks, which have been associated with an England
and Wales precipitation event by the CPA method.
To investigate the behaviour of cyclone tracks which are associated with high cyclone
count events, Figure 6.12 shows the tracks of all cyclones associated with the 10 wettest
events in the high- and low- cyclone count precipitation event categories. Figure 6.13
shows the same tracks, for times when they are registered as being associated with an
England and Wales precipitation event. In DJF, ERA-I shows predominantly zonal
track movements across the North Atlantic, with many cyclones originating in the west-
ern North Atlantic. Storms that directly cross the British Isles are concentrated in the
central and northern regions, with few tracks travelling to the south. A small num-
ber of tracks move northwards towards Iceland in the east North Atlantic, whilst a
large number of tracks continue eastward towards the Baltic Sea. By contrast, cyclones
in HadGEM2-ES predominantly originate in the east North Atlantic, following a less
clearly defined trajectory. This is consistent with the weaker westerly winds found in
these cases (Figure 6.10). The formation of intensely precipitating cyclones in the east
North Atlantic in HadGEM2-ES is consistent with Dacre and Gray (2009), which iden-
tified that many of the most intensely precipitating cyclones that affect the UK are
rapidly deepening features originating in this region.
For MAM, JJA and SON, cyclone tracks in ERA-I are less zonal. Tracks which directly
cross the British Isles do so at more southerly latitudes than in the DJF cases. This
tendency may be consistent with the finding of Hand et al. (2004), that where embedded
convection is likely, for example in the summer months, the highest risk of extreme pre-
cipitation comes from the northern flank of an extratropical cyclone. Therefore, tracks
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Figure 6.12: Cyclones associated with the 10 highest precipitation 7-day accumulation
events in the top quartile of cyclone counts for wet & extreme wet events. (a,c,e,g) ERA-
I and (b,d,f,h) HadGEM2-ES Historical, for a common period 1980–2005. Cyclogenesis
points marked as blue triangles; cyclolysis points marked as red squares.
Chapter 6. HadGEM2-ES historical evaluation 119
a
D
JF
ERA−I
b
Hist.
c
M
AM
d
e
JJ
A
f
g
SO
N
h
Figure 6.13: “Associated” locations of tracks for high cyclone count events with the
10 highest precipitation 7-day accumulation events in the high cyclone count category.
(a,c,e,g) ERA-I and (b,d,f,h) HadGEM2-ES Historical, for a common period 1980–2005.
Data as per Figure 6.12, locations shown only for times when tracks were associated
with an England and Wales precipitation event.
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at lower latitudes may be more likely to generate extremes of precipitation across larger
parts of the England and Wales region. In HadGEM2-ES, cyclones crossing the British
Isles in JJA and SON tend to follow paths further south than those in ERA-I, but track
crossings in DJF and MAM are quite evenly distributed. JJA and SON show some
evidence of tracks following a curved path across the North Atlantic, with SON also dis-
playing a subset of tracks that originate and/or travel via low latitudes before tracking
north-eastwards towards the British Isles. This pattern is conducive to high levels of
moisture availability as the cyclone draws warm, humid air north from the tropics.
6.4.3 Stalling in HadGEM2-ES
As discussed in Section 5.3.2, cyclone stalling in association with England and Wales
precipitation events is represented by two metrics. Mean residence time per event high-
lights the overall tendency of all cyclones associated with a precipitation event to stall,
whilst the mean of the maximum residence time per event indicates the maximum ex-
tent of stalling in a single cyclone per event. The mean of the maximum residence time
therefore considers individual cyclones which may have stalled as part of an overall more
mobile regime. Both metrics are displayed in Figure 6.14, for ERA-I and HadGEM2-ES
Historical, for wet and extreme wet events in a common period 1980–2005. ERA-I shows
that mean and maximum residence times are longer for extreme wet than wet events
for all seasons at 1- and 7-day accumulation periods, and for JJA at all accumulation
periods from 1–31 days.
HadGEM2-ES has longer residence times for all events than ERA-I, which may be related
to the slower wind speeds in HadGEM2-ES in the vicinity of the British Isles. However,
HadGEM2-ES does not find an increase in mean or maximum residence times per event
between wet and extreme wet precipitation events during DJF. Small increases in mean
and maximum residence times per event between wet and extreme wet events are found
for MAM and SON for 1-day accumulation period events. HadGEM2-ES consistently
has higher mean and maximum residence times per event in extreme wet events than in
wet events during JJA, for all accumulation periods 1–31 days. Stalling is found to be
an important process in the generation of extreme wet events for all seasons at 1- and
7-day accumulation periods in ERA-I, and in JJA for 1–31 day accumulation periods.
The maximum cyclone residence time becomes a more important metric than the mean
residence time with increasing accumulation period in JJA in ERA-I. For HadGEM2-ES,
longer residence times are found in general than in ERA-I, but stalling is only found to
be an important process in the generation of extreme events in JJA. In HadGEM2-ES
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the relative importance of maximum cyclone residence time per event also increases with
increasing accumulation period in JJA, consistent with ERA-I.
Mean wind vectors at 250-hPa are shown for long mean residence time events (≥ 75th
percentile of event mean residence time for both wet and extreme wet events). ERA-
I shows, for all seasons, a defined jet stream which defines a curve from the eastern
seaboard of north America, north-east towards Greenland/Iceland, and south again to-
wards the British Isles. This curve is most clearly defined in MAM and SON. In DJF,
the jet stream is more zonal, but with a pronounced southward deviation in the eastern
North Atlantic (whilst the high cyclone count mean wind speed shows a pronounced
northward deviation in this area). By contrast, HadGEM2-ES shows a similar situation
to the high cyclone count mean (Figure 6.10). This indicates that HadGEM2-ES does
not strongly differentiate between situations which lead to high cyclone counts and those
which lead to long residence times.
ERA-I
u (ms−1)
HadGEM2-ES
u (ms−1)
HadGEM2-ES
overestimation (%)
DJF 23.4 16.7 -28.6
MAM 13.1 17.0 29.6
JJA 11.8 8.0 -32.8
SON 15.4 11.3 -26.9
Table 6.8: Long mean residence time wet and extreme wet event mean 250-hPa
vector wind speed, 1980–2005, ERA-I and HadGEM2-ES Historical (r2i1p1 ensemble
member), for wet and extreme wet events. Spatial mean of data points within the
British Isles region.
To demonstrate the movements of long residence time cyclones associated with England
and Wales precipitation events, Figure 6.16 shows cyclone tracks from the 10 wettest
events from the wet and extreme wet event categories which are associated with long res-
idence time (≥ 75th percentile of residence time) cyclones. The same tracks are shown
for times when they were associated with England and Wales precipitation events in
Figure 6.17.
For DJF, ERA generates more zonal cyclone tracks than HadGEM2-ES, corresponding
with the stronger zonal 250-hPa wind vectors in ERA-I than in HadGEM2-ES. For both
the climate model and reanalysis, cyclogenesis points are spread quite evenly across the
North Atlantic, approximately on a line running from the north-east coast of the USA
north-west to the British Isles. Cyclolysis in DJF occurs evenly across the eastern North
Atlantic. Matching occurs at some distance from the England and Wales region in some
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Figure 6.14: Means of event maximum residence time (solid colours) and event mean
residence time(horizontal lines) in ERA-I and HadGEM2-ES Historical. Error bars are
standard error on the mean.
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Figure 6.15: Mean 250-hPa vector wind speed and direction for days associated
with a wet or extreme wet 7-day England and Wales precipitation event, and a high
(> 75th percentile) mean cyclone residence time. (Left) ERA-I and (right) HadGEM2-
ES Historical experiment (r2i1p1 ensemble member), 1980-2005
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cases, suggesting distant storm association by rain bands. A prevalence of matched
tracks in both the climate model and reanalysis to the south and west of the British
Isles is suggestive of secondary cyclogenesis, with cyclones forming on the fronts of pre-
vious storms.
MAM finds more irregular directions of travel in both the climate model and reanalysis,
with erratic track movements near the British Isles indicating stalled positions of cyclone
centres. In JJA, tracks in both the climate model and reanalysis move approximately
west-east before moving erratically in the vicinity of the British Isles.
In JJA, most tracks move directly over the England and Wales region in both ERA-I
and HadGEM2-ES, indicating that rainfall in these events is due to the direct impact of
the cyclone centre, rather than the fronts of a distant cyclone centre. Both the climate
model and reanalysis find that the tracks are associated with England and Wales precipi-
tation events primarily at closer proximity to the England and Wales region than in DJF.
Tracks in SON return to a more zonal nature in both the climate model and reanaly-
sis, with fewer erratic movement patterns. A high density of tracks in ERA-I is found
approaching the England and Wales region to the south of Ireland; this is not observed
in HadGEM2-ES. Notably, SON tracks in ERA-I have cyclogenesis points to the E/NE
of the British Isles, with much cyclogenesis occurring in the Labrador Sea and near the
southern tip of Greenland. These cyclogenesis latitudes are much more northern than
those observed in DJF, and this pattern is not found in HadGEM2-ES.
6.4.4 Extratropical cyclone precipitation intensity in HadGEM2-ES
Extra-tropical cyclone clustering and stalling have been considered as mechanisms by
which extremes of accumulated precipitation may be generated in England and Wales;
however, patterns of cyclone movements do not explain every instance of extreme precip-
itation. ERA-I and HadGEM2-ES have been shown to differ in the mechanisms behind
the generation of extreme precipitation in the historical record. Precipitation extremes
may be generated by cyclones which do not stall, or form part of a cluster, but simply
precipitate intensely over the region. Figure 6.18 shows the mean accumulated precipi-
tation per cyclone associated with precipitation events in ERA-I and HadGEM2-ES.
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Figure 6.16: Full tracks of cyclones associated with the 10 highest precipitation
accumulation 7-day events in the high mean residence time category. (a,c,e,g) ERA-I
and (b,d,f,h) HadGEM2-ES Historical, for a common period 1980–2005. Cyclogenesis
points marked as blue triangles; cyclolysis points marked as red squares.
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Figure 6.17: “Associated” locations of tracks for high mean residence time events
with the 10 highest precipitation accumulation 7-day events in the high mean residence
time categories. (a,c,e,g) ERA-I and (b,d,f,h) HadGEM2-ES Historical, for a common
period 1980–2005. Data as per Figure 6.16, locations shown only for times when tracks
were associated with an England and Wales precipitation event.
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In DJF, HadGEM2-ES records a larger accumulation of precipitation per cyclone on
average than ERA-I, for all accumulation periods, for wet and extreme wet events. In
MAM, wet events show a larger accumulation of precipitation per cyclone in HadGEM2-
ES than in ERA-I for all accumulation periods, whilst extreme wet events show a larger
accumulation of precipitation per cyclone only for 1–7 day accumulation periods. In
JJA, the average precipitation per cyclone is slightly reduced in HadGEM2-ES for wet
events at all accumulation periods, whilst no systematic change is found for extreme
wet events. No systematic change of accumulated precipitation per cyclone is found
for wet events in SON, but 1–13 day extreme wet events in HadGEM2-ES have higher
precipitation accumulations per cyclone than ERA-I.
Since little systematic difference was found in cyclone counts between HadGEM2-ES and
ERA-I, whilst residence times were found to be consistently longer in HadGEM2-ES than
ERA-I, these results suggest that where larger volumes of accumulated precipitation per
cyclone are identified in HadGEM2-ES, these higher accumulations occur due to the
cyclones moving more slowly through the region than is observed in ERA-I. The lack
of a consistent sign of difference between HadGEM2-ES and ERA-I in JJA, despite
similar cyclone counts and higher residence times in HadGEM2-ES, indicates that a
lower precipitation rate is found in summer cyclones associated with England and Wales
precipitation events in HadGEM2-ES than in ERA-I.
6.5 Discussion and conclusions
In this chapter we have evaluated the representation of precipitation events in a historical
run of HadGEM2-ES, along with the cyclone passages associated with them. ERA-I has
been used for comparisons using a common time period, to identify any differences in the
representation of extratropical cyclone clustering and stalling associated with England
and Wales precipitation events. HadGEM2-ES appears to provide a good representation
of England and Wales precipitation events and the North Atlantic storm track, but some
differences between HadGEM2-ES and ERA-I have been identified in the importance of
clustering and stalling for extreme precipitation events. The key findings of this chapter
are summarised as follows:
• Spatially averaged England and Wales precipitation values are similarly distributed
between ERA-I and HadGEM2-ES Historical. Both HadGEM2-ES Historical and
ERA-I recorded lower mean and 98th percentile precipitation values than EWP,
which is considered to be consistent with existing literature concerning climate
model and reanalysis precipitation.
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Figure 6.18: Mean precipitation per cyclone associated with England and Wales
precipitation events, for wet and extreme wet events in ERA-I and HadGEM2-ES His-
torical. Error bars are standard error on the mean.
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• Overall cyclone track spatial distributions highly similar between ERA-I and HadGEM2-
ES Historical, particularly in DJF and MAM. HadGEM2-ES Historical has lower
cyclone track density than ERA-I in the eastern North Atlantic. Cyclone prop-
agation speeds in the eastern North Atlantic are lower in HadGEM2-ES than in
ERA-I, associated with less strong 250-hPa winds.
• Extratropical cyclones matched with England and Wales precipitation events fol-
low similar paths between HadGEM2-ES and ERA-I. Storms associated with ex-
treme England and Wales events are more likely to propagate directly across the
England and Wales region in JJA than DJF.
• Higher association rates between England and Wales precipitation events and ex-
tratropical cyclones have been found in HadGEM2-ES despite lower overall cyclone
count. This is found to be related to HadGEM2-ES associating extratropical cy-
clones with England and Wales precipitation events at greater distances than in
ERA-I.
• Cyclones with long residence times associated with England and Wales precipita-
tion events follow less zonal paths than those associated with high cyclone count
events
• Clustering is found to be less important for the generation of extreme precipi-
tation events in HadGEM2-ES, despite higher average cyclone counts associated
with precipitation events for all seasons. The situation in HadGEM2-ES Histor-
ical is one of lower cyclone mobility associated with extreme England and Wales
precipitation events. Although more cyclones tracks are present in HadGEM2-ES
Historical, little difference between cyclone counts for wet and extreme wet cases
is evident. This appears to be related to a less well defined 250-hPa jet stream po-
sition in HadGEM2-ES, which is likely to reduce the frequency at which cyclones
transit across the England and Wales region.
• Stalling is found to be less important for the generation of extreme precipitation
events in HadGEM2-ES than ERA-I for events in DJF, MAM and SON. Longer
residence times are found in HadGEM2-ES for all seasons, which has been linked
to slower extratropical cyclone propagation speeds than in ERA-I. In JJA, stalling
is found to be important for extreme precipitation events in HadGEM2-ES, with
a similar magnitude of change between wet and extreme wet event residence times
in both the climate model and the reanalysis.
• Little systematic difference was found between the mean precipitation accumula-
tion per cyclone in ERA-I and HadGEM2-ES, although the precipitation rate from
cyclones in JJA was found to be lower in HadGEM2-ES than ERA-I.
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Similarities were noted in the representation of seasonal mean cyclone track densities
and 250-hPa wind vectors over the North Atlantic in ERA-I and HadGEM2-ES. The
distribution of spatially averaged daily precipitation values over the England and Wales
region was similar between HadGEM2-ES and ERA-I, although both the climate model
and reanalysis recorded lower mean and 98th percentile values than the EWP observa-
tional record for the same period.
The behaviour of extratropical cyclones associated with extreme England and Wales pre-
cipitation events was found to differ between HadGEM2-ES and ERA-I. HadGEM2-ES
appears to generate extreme England and Wales precipitation events through increased
cyclone precipitation intensity, with little change to the cyclone count or residence times
(except in JJA). Stalling was, however, found to be an important factor in JJA extreme
England and Wales precipitation events, with a similar magnitude of response of mean
and maximum residence times between wet and extreme wet events in HadGEM2-ES
and ERA-I. The weak response of cyclone counts to extreme precipitation events may be
associated with the weaker synoptic-scale wind conditions identified in HadGEM2-ES
than in ERA-I.
In the next chapter, we will analyse the response of clustering and stalling behaviour and
England and Wales precipitation events to the RCP8.5 scenario in HadGEM2-ES. This
will highlight the extent to which clustering and stalling behaviour response to changes
in the large-scale set-up under a future climate change scenario.
Chapter 7
Climate change projection of
clustering, stalling, and England
and Wales precipitation events
7.1 Introduction
In this chapter a single ensemble member of the HadGEM2-ES RCP8.5 experiment is
evaluated. Using the same techniques applied to ERA-I and the HadGEM2-ES Histori-
cal experiment in Chapters 5 & 6 respectively, this chapter aims to investigate changes
in the importance of extratropical cyclone clustering and stalling to England and Wales
precipitation events under a high emissions scenario in HadGEM2-ES in the last twenty
years of the twenty-first century. Analysis of physical processes behind changes in cli-
mate model projections is essential to more clearly understand the manner in which the
future climate may change. The RCP8.5 experiment was selected for this evaluation as
this contains the strongest forcings, and therefore the largest climate response, of any
of the CMIP-5 experiments. The r1i1p1 ensemble member was selected as, at the time
of analysis, complete sub-daily wind and precipitation data were not available for any
other ensemble member.
In this chapter, HadGEM2-ES RCP8.5 data is compared with and contrasted against
HadGEM2-ES Historical data to highlight projected changes in the climate system un-
der a high radiative forcing scenario. Twenty-year periods in both models have been
selected, covering 1980–1999 and 2080–2099 in the Historical and RCP8.5 experiments
respectively, and hence windows of identical length with separation of one century. Note
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that these time windows differ from those used in earlier chapters, due to data availabil-
ity constraints.
7.2 England and Wales precipitation in HadGEM2-ES RCP8.5
Histograms of daily precipitation in HadGEM2-ES Historical and RCP8.5 experiments
are shown in Figure 7.1. Data were spatially averaged over the England and Wales region
(Chapter 3; Rhodes et al. 2015). Data are included for all days of ≥ 1 mm precipitation
(“wet days”).
In Figure 7.1, the RCP8.5 experiment produces increased mean and 98th percentile pre-
cipitation values for all seasons. Percentage increases in HadGEM2-ES RCP8.5 relative
to Historical are shown in Table 7.1. Daily precipitation in the RCP8.5 experiment is
increased for all seasons, with the greatest increase in mean daily precipitation being
found in DJF, MAM and SON. Similar increases in 98th percentile precipitation are
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Figure 7.1: Histograms of daily England and Wales precipitation accumulation for wet
days (> 1 mm precipitation) in HadGEM2-ES Historical r2i1p1 (top) and HadGEM2-
ES RCP8.5 r1i1p1 (bottom). Solid black line indicates mean. Dashed black line indi-
cates 98thpercentile. Model precipitation is averaged over a box bounded by 8.75◦W-
3.25◦E, 49◦N-55.5◦N (England and Wales region, Rhodes et al. 2015). Data are taken
from 20-year periods 1980–1999 (Historical) and 2080–2099 (RCP8.5).
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Season Mean (%) 98th percentile (%)
DJF 13.5 28.9
MAM 17.2 29.5
JJA 4.3 11.8
SON 20.1 28.7
Table 7.1: Percentage increase in mean and 98th percentile values of daily precipi-
tation in HadGEM2-ES RCP8.5 (r1i1p1) relative to HadGEM2-ES Historical (r2i1p1).
Data included for 1980–1999 (Hist.) and 2080–2099 (RCP8.5).
found in DJF, MAM and SON. However, the number of days with < 1 mm precipita-
tion increases for DJF, JJA and SON, with a smaller decrease in dry day frequency in
MAM, as shown in Table 7.2. The overall increase in dry day frequency combined with
an increase in mean and 98th percentile daily precipitation accumulations indicates that
rainfall accumulations are occurring in less frequent, more intense events.
Season Historical % RCP8.5 % % change
DJF 29.5 33.4 13.0
MAM 42.2 42.0 -5.4
JJA 57.2 71.7 19.1
SON 43.9 51.4 11.3
Table 7.2: Dry day frequency (< 1 mm precipitation) in HadGEM2-ES Historical
and RCP8.5 experiments, 1980–1999 and 2080–2099 respectively.
For further analysis of England and Wales precipitation events, data were accumulated
into 1-, 7-, 13- and 31-day periods and analysed with the Peaks-Over-Threshold method
as described in Chapter 5. The minimum recorded values for an “extreme wet” event
in HadGEM2-ES Historical and RCP8.5 are recorded in Table 7.3. Minimum values
for extreme wet events are found to increase in RCP8.5 for DJF, MAM and SON, with
a small decrease in JJA. Since the daily p98 precipitation values (Table 7.1) indicate
an increase in extreme event intensity for all seasons, this indicates that extreme event
anomalies are highly sensitive to the definition of “extreme”.
The projected increase of precipitation accumulations identified here in the RCP8.5 sce-
nario are consistent with the majority of literature on the subject. Held and Soden
(2006) identifies a robust increase in global precipitation volumes in a simple climate
model under a warmer climate, whilst Beniston et al. (2007) and Lehtonen et al. (2014)
find a large amount of uncertainty in projected precipitation over western Europe, with
northern regions becoming wetter and southern regions becoming drier, and high un-
certainty over the central region between these two regions of large projected changes.
In Held and Soden (2006), the increase in precipitation is directly associated with the
Clausius Clapeyron effect. Studies using more advanced climate models have found large
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Season Model “Wet” minimum “Extreme wet” minimum
DJF
Historical 2.2 10.7
RCP8.5 2.2 13.1
MAM
Historical 1.3 7.1
RCP8.5 1.4 9.0
JJA
Historical 0.7 5.6
RCP8.5 0.3 5.2
SON
Historical 1.3 8.8
RCP8.5 0.9 10.3
Table 7.3: Minimum values of total daily precipitation accumulation in mm d−1
by season for wet and extreme wet events in HadGEM2-ES Historical and RCP8.5
experiments, one-day accumulations
uncertainties associated with regional precipitation projections, as dynamical influences
in the extra-tropical storm tracks vary greatly by model and climate scenario (Harvey
et al., 2014, 2015). However, a significant increase in DJF precipitation over the British
Isles in the CMIP5 models under the RCP4.5 scenario is identified by Zappa et al.
(2013b). Zappa et al. (2013b) also finds that the source of precipitation in extratropical
cyclones in the North Atlantic DJF storm track changes under RCP4.5, with precipi-
tation coming predominantly from more intense storms, and fewer weakly precipitating
storms being identified. Changes in JJA precipitation are found to be smaller and more
uncertain amongst the CMIP5 models.
7.3 Projected changes to the North Atlantic storm track
As identified in Section 7.2, precipitation accumulations are projected to change over
England and Wales under the RCP8.5 scenario. Processes causing changes to precipi-
tation due to a warmer climate can be broadly divided into two categories: dynamical
and thermodynamic. Dynamical processes include changes to the location and intensity
of the storm tracks, for example due to changing equator-pole temperature gradients,
whilst thermodynamic processes increase the saturation vapour pressure proportionately
with increasing air temperature. Changes in precipitation in the future climate involve
the interaction of dynamical and thermodynamic phenomena. In this section, projected
changes both to the North Atlantic storm track and to the major sources of moisture for
England and Wales precipitation events are evaluated, which may explain the changes
in England and Wales precipitation accumulations.
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7.3.1 Seasonal mean vector winds
The location and intensity of the North Atlantic storm track is influenced to a great
extent by the 250-hPa jet stream. Seasonal mean vector winds at 250-hPa for HadGEM2-
ES Historical and RCP8.5 are shown in Figure 7.2, to indicate differences in the mean
states of both models. RCP8.5 shows an intensification of the mean North Atlantic jet
wind speeds in DJF. The mean state of the 250-hPa jet stream is found to be slightly
elongated and intensified in DJF, in agreement with the intensified and elongated DJF
jet projected by the CMIP5 multi-model mean (Zappa et al., 2013b). Changes in the
jet stream during MAM, JJA and SON are smaller in RCP8.5 than for DJF; this is also
expected per the CMIP5 multi-model mean.
The differences between RCP8.5 (2080–2099) and Historical (1980–1999) in HadGEM2-
ES are demonstrated clearly in Figure 7.3. These anomaly plots highlight the small
mean changes in 250 hPa wind speed near the British Isles for most seasons, with a
slight increase (up to 7.5 ms−1) over the British Isles in DJF.
7.3.2 Mean 250-hPa winds associated with extreme England and Wales
precipitation events in RCP8.5
Mean 250-hPa wind vectors are shown in Figure 7.4 for one-day events identified as
“extreme wet” by the Peaks-Over-Threshold method discussed in Chapter 3. Intensifi-
cation of the jet is evident in all seasons in the RCP8.5 scenario relative to the Historical
experiment. In DJF, the jet is strongly intensified in RCP8.5 relative to Historical, with
strong mean wind speeds directly over the British Isles. In MAM, JJA and SON, stronger
wind speeds are projected in RCP8.5 than in the Historical experiment, and evidence
of the wave pattern identified in Chapter 5 is more prominent. The eastward extension
and intensification of the jet is consistent with the conditions found by Priestley et al.
(2016) to be conducive to clustering of extratropical cyclones near the UK, as defined
by over-dispersion relative to a fixed rate Poisson process.
The intensification of 250-hPa wind speeds for all seasons is highlighted in Figure 7.5.
An intensified cyclonic flow near the British Isles is identified for all seasons, with partic-
ularly intensified zonal flow south-westerly flow identified near the British Isles in DJF
and SON. Enhanced winds of this nature may act to draw moist air from the tropical
Atlantic, suggesting a mechanism for the increased 98th percentile precipitation in these
seasons. When compared with the seasonal 250-hPa wind anomalies in Figure 7.3, a
great deal of intensification is identified for days with extreme precipitation in England
and Wales over that which is observed in the seasonal mean synoptic situation.
Chapter 7. HadGEM2-ES RCP8.5 evaluation 136
Hist. RCP8.5
20
30
40
50
60
70
80
−100 −80 −60 −40 −20 0 20 40
(a)
20
30
40
50
60
70
80
−100 −80 −60 −40 −20 0 20 40
(b)
D
JF
20
30
40
50
60
70
80
−100 −80 −60 −40 −20 0 20 40
(c)
20
30
40
50
60
70
80
−100 −80 −60 −40 −20 0 20 40
(d)
M
AM
20
30
40
50
60
70
80
−100 −80 −60 −40 −20 0 20 40
(e)
20
30
40
50
60
70
80
−100 −80 −60 −40 −20 0 20 40
(f)
JJ
A
20
30
40
50
60
70
80
−100 −80 −60 −40 −20 0 20 40
(g)
20
30
40
50
60
70
80
−100 −80 −60 −40 −20 0 20 40
(h)
SO
N
ms−1
50
45
40
35
30
25
20
15
10
5
0
Figure 7.2: Seasonal mean 250-hPa vector wind intensity and direction in (left)
HadGEM2-ES Historical (1980–1999) and (right) HadGEM2-ES RCP8.5 (2080–2099).
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Figure 7.3: Anomaly of seasonal mean 250 hPa winds, RCP8.5 2080–2099 minus
Historical 1980–1999.
7.3.3 Frequency and propagation speed of North Atlantic Storms
Track density anomalies in the North Atlantic region for HadGEM2-ES RCP8.5 (2080–
2099) against Historical (1980–1999) are shown in Figure 7.6. A reduction in cyclone
frequency is evident in DJF throughout the main storm track region, with notable de-
creases evident near the eastern seaboard of North America and in the lee of Greenland.
Reduction in cyclone frequency in these locations is notable as these form the main
cyclogenesis regions in the North Atlantic. In MAM, a reduction in cyclone track fre-
quency near Iceland is found in the RCP8.5 scenario. In JJA and SON a large increase
in cyclone frequency is found near the east coast of Greenland and over Iceland. In
JJA, this appears to be related to a reduction in cyclone frequency at lower latitudes,
indicating a poleward shift of the storm track, consistent with Yin (2005) and Berry
et al. (2011).
Table 7.4 displays the frequency of unique tracks propagating through the British Isles
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Figure 7.4: Extreme wet England and Wales precipitation event mean 250-hPa vector
wind intensity and direction in (left) HadGEM2-ES Historical (1980–1999) and (right)
HadGEM2-ES RCP8.5 (2080–2099).
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Figure 7.5: Anomaly of extreme wet event 250 hPa mean winds, RCP8.5 2080–2099
minus Historical 1980–1999.
region (see green circles marked on Figure 7.6). Small reductions in frequency are iden-
tified in DJF, JJA and SON; however, a large amount of noise is present in Figure 7.6.
Storm track density is also highly sensitive to the size and location of the search area.
The cyclone track density anomalies identified in Figure 7.6 compare favourably with the
CMIP5 mean RCP8.5 track density anomaly patterns identified by Zappa et al. (2013b)
(see Figure 1.11).
The frequency distribution of cyclone propagation speeds, sampled as the track passes
through the “British Isles” search radius (see Figure 7.6, green circle), is shown in Fig-
ure 7.7. Very similar distributions are found for all seasons when compared with the
Historical experiment. Changes in the mean propagation speed are small, with the
largest changes in mean propagation speed found in DJF and JJA, with a 7% increase
in both seasons (see Table 7.4).
The changes in cyclone track frequency in the North Atlantic are broadly consistent
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Figure 7.6: Storm track density anomaly for HadGEM2-ES RCP8.5 r1i1p1 against
HadGEM2-ES Historical r2i1p1, for 20-year periods 1980–1999 (Hist.) and 2080–2099
(RCP8.5). Track density was calculated as frequency of unique cyclone tracks on a 2.5◦
spherical cap using spherical kernel estimators. Storm tracks identified using the Hodges
(1995) method on ξ850. Data interpolated to 2.5
◦ longitude-latitude grid. “British Isles”
region indicated by green circle.
with the current literature. JJA and SON exhibit a poleward shift in the storm track,
as identified in several climate model evaluations. Held (1993) identified a poleward
shift in the storm tracks as a result of a weakening equator-pole temperature gradient
in a simple climate model, and this phenomenon was identified in the CMIP3 coupled
climate models by Yin (2005). Harvey et al. (2014) identified the equator-pole temper-
ature gradient to be influential in both the lower- and upper-troposphere for changes
to the storm track in JJA. In DJF, an overall reduction in cyclone frequency in the
North Atlantic is identified in HadGEM2-ES. The reduction in cyclone frequency near
Iceland is consistent with the multi-model mean RCP8.5 response identified in CMIP5
models by Zappa et al. (2013b), and thorough review of existing studies of projected
changes to the extratropical storm tracks by Ulbrich et al. (2009). However, the small
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Season Model Track frequency (month−1) Mean propagation speed (km h−1)
Historical 7.3 36.4
DJF
RCP8.5 6.6
(-8.3%)
39.0
(+7%)
Historical 5.5 31.1
MAM
RCP8.5 5.5
(0%)
31.3
(+1%)
Historical 4.7 25.2
JJA
RCP8.5 3.9
(-15.2%)
26.9
(+7%)
Historical 5.6 33.0
SON
RCP8.5 5.4
(-3.6%)
33.7
(+2%)
Table 7.4: Frequency and mean propagation speed of unique cyclones propagating
through the British Isles region. Figures in brackets indicate the percentage differ-
ence between Historical and RCP8.5 experiments (positive values indicate higher track
frequency or mean propagation speed in RCP8.5 than Historical).
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Figure 7.7: Histograms of track speed for all tracks identified within a box bounded by
20◦W - 10◦E and 48◦N - 65◦N (eastern North Atlantic region). HadGEM2-ES Historical
r2i1p1 (above line), HadGEM2-ES RCP8.5 r1i1p1 (below line). Data analysed for a
20-year periods 1980–1999 (Hist.) and 2080–2099 (RCP8.5). Means are marked as solid
black line, quartiles are marked as dashed black lines. Samples are binned to 10 km/h
intervals and displayed back-to-back for comparison.
increase in cyclone frequency over the British Isles identified by Zappa et al. (2013a)
is not evident in the single-model analysis presented here. Harvey et al. (2014, 2015)
identifies a large spread in DJF storm track projections with the CMIP3 models, iden-
tifying the magnitude of the lower-tropospheric equator-pole temperature gradient as
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the primary influence on northern hemisphere DJF storm track location. Zappa et al.
(2013a) identifies HadGEM2-ES as one of the CMIP5 models that best represents the
tilt of the North Atlantic storm track with respect to reanalysis (see Figure 1.12, model
13).
Storm intensity in HadGEM2-ES (as measured by maximum ξ850 or minimum MSLP) is
not evaluated here; however, Della-Marta and Pinto (2009) finds a very large increase in
storm intensity in the CMIP3 A1B and A2 scenarios in a region covering the British Isles,
North Sea and Western Europe, as measured by changing return periods of storms in the
95thpercentile of maximum ξ850 (no change in intensity as measured by minimum MSLP
is identified). However, changes in the dynamical intensity of extra-tropical cyclones do
not directly relate to changes in precipitation accumulations, and there is a great deal of
variability in projected changes to precipitation accumulations over the western Europe
region (Stocker et al., 2013).
7.3.4 Thermodynamic changes in the North Atlantic
As described by Held and Soden (2006), precipitation under a warming climate is pro-
jected to increase globally due to increased availability of atmospheric water vapour,
as described by the Clausius-Clapeyron relationship. Although the global increase in
precipitation is a robust feature of climate model projections, there is a large amount
of regional uncertainty (Stocker et al., 2013). Increased saturation vapour pressure (es)
with increased temperature does not necessarily correspond to increased atmospheric
water vapour content, nor does increased atmospheric water content necessarily corre-
spond to increased precipitation. In Section 7.2 we identified strong projected increases
in mean and p98 England and Wales wet day precipitation accumulations for DJF, MAM
and SON, and a weak projected increase in mean and p98 England and Wales wet day
precipitation accumulations for JJA. As track density near the British Isles is projected
to decrease or stay the same for all seasons (Figure 7.6 and Table 7.4), the precipitation
accumulation per extratropical cyclone, or the number/intensity of convective storms,
must increase.
Air temperature and relative humidity anomalies in HadGEM2-ES RCP8.5 relative to
Historical are shown in Figure 7.8 (a,b) and (c,d) respectively. Air temperature is ef-
fectively directly proportional to saturation vapour pressure in Earth’s atmosphere at
approximately 7%◦C−1 (Held and Soden, 2006). This implies that the spatial pattern
of temperature increase in Figure 7.8 (a,b) is analogous with the spatial pattern of
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saturation vapour pressure increase. For DJF, a very strong temperature anomaly is
found over the Arctic and northern Canada, representing the weakening equator-pole
temperature gradient associated with a poleward shift and/or weakening of the northern
hemisphere storm tracks (Held, 1993; Yin, 2005; Harvey et al., 2014). DJF temperature
anomalies are smallest over the North Atlantic, particularly near the Norwegian Sea;
however, the anomaly is always positive in the North Atlantic region, by a minimum of
1◦C. In JJA, the strongest temperature anomalies are found at lower latitudes than in
DJF, over continental Europe and North America. The average temperature anomaly
over the North Atlantic is slightly higher than in DJF. These anomalies indicate that
for both DJF and JJA, the potential for moisture availability over the North Atlantic
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Figure 7.8: Anomaly plots of (a,b) 850-hPa air temperature; (c,d) 850-hPa relative
humidity; HadGEM2-ES RCP8.5 minus Historical, 2080–2099 and 1980–1999 respec-
tively. Regions where orography intersects with the 850 hPa pressure level are masked
in grey. Relative humidity anomalies of magnitude < 5% are omitted for clarity.
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increases.
Figure 7.8 (c,d) shows that relative humidity does not vary evenly with temperature.
In particular, JJA shows a relative drying of the air (with respect to saturation vapour
pressure) over continental Europe and the eastern North Atlantic. This indicates that,
despite the atmosphere’s increased ability to hold water vapour in the RCP8.5 scenario,
moisture availability for some storms which affect England and Wales may not increase.
The reduced relative humidity in JJA over coastal western Europe and on a trajectory
south-westward from the British Isles is particularly noteworthy. de Leeuw (2014) identi-
fied these regions as important sources of atmospheric moisture for summer precipitation
events in the UK. The low relative humidity in these regions in RCP8.5 may therefore
account for some of the projected reduction in England and Wales JJA precipitation
accumulations. By comparison, weak projected relative humidity anomalies are found
over the North Atlantic and Europe in DJF, indicating that available moisture scales
broadly as expected with projected increases in temperature for DJF.
7.3.5 Relationship between precipitation changes and storm track dy-
namics
In Figure 7.1, increases in mean and p98 daily precipitation accumulation were noted
in all seasons, with the strongest increase found in DJF and the weakest increase in
JJA, consistent with the multi-model analysis of CMIP5 climate models by Zappa et al.
(2013b). Both DJF and JJA show increases in dry day frequency in England and Wales
(+13% and +19% respectively). Large uncertainty is known to exist in projected pre-
cipitation changes in the central latitudes of western Europe (Stocker et al., 2013),
particularly in the summer months (Zappa et al., 2013b), and precipitation projections
in this region are highly sensitive to the location and intensity of the North Atlantic
storm track in climate models.
In DJF, the British Isles region is associated with an 8% decrease in extratropical cyclone
frequency (Figure 7.6) and 7% increase in mean cyclone propagation speed (Table 6.5).
Projected DJF temperature rises by approximately 2◦C across the North Atlantic, and
relative humidity does not vary greatly in RCP8.5, indicating a projected increase in
available moisture in the North Atlantic storm track. The increased England and Wales
precipitation projected under the RCP8.5 scenario is suggestive of a situation in which
precipitation events due to local extratropical cyclone passages are less frequent, as
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demonstrated by the reduction in eastern North Atlantic cyclone frequencies and in-
crease in England and Wales dry days, and in which the precipitation accumulation
from cyclones is more intense due to an increase in available moisture, as evidenced by
Figure 7.8 and the increased mean and p98 precipitation values in Table 7.1. Zappa
et al. (2013b) identifies fewer weakly precipitating extratropical cyclones in the North
Atlantic in DJF under the RCP4.5 scenario, and finds that an increasing amount of
accumulated precipitation from extratropical cyclones in the North Atlantic comes from
intense extratropical cyclones under this scenario in the CMIP5 multi-model analysis.
In JJA, a poleward shift of the North Atlantic storm track is evident, leading to a
15% reduction in track frequency identified in the British Isles region. Extratropical
cyclones propagate through the British Isles region on average 7% faster in the RCP8.5
scenario than Historical. Temperature increases in JJA are stronger over the eastern
North Atlantic and Europe than in DJF, but a reduction in relative humidity in these
regions indicates that the available atmospheric moisture near the eastern end of the
storm track may not increase in line with the higher temperatures. The combination
of reduced local extratropical cyclone frequency with only weak strengthening of the
thermodynamic processes near the England and Wales region may explain the relatively
weak increase in JJA mean and p98 precipitation relative to DJF.
7.4 Changes to clustering, stalling, and precipitation events
in RCP8.5
In this section, cyclone counts and residence times are analysed to investigate if any
overall increase/decrease in clustering/stalling is present in the future climate scenario.
Potential causes of changes in precipitation in RCP8.5 are evaluated, including cyclone
movements, 250-hPa wind speeds, moisture availability, and the overall precipitation
intensity of extratropical cyclones.
7.4.1 Clustering in RCP8.5
Changes in cyclone clustering associated with England and Wales precipitation events in
HadGEM2-ES RCP8.5 with respect to Historical are analysed using the CPA method.
Figure 7.9 shows the mean cyclone count per precipitation event for wet (left) and
extreme wet (right) precipitation events, in HadGEM2-ES Historical and RCP8.5 ex-
periments (orange and purple bars respectively). Wet and extreme wet event cyclone
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counts are mostly within the range of standard error in RCP8.5 with respect to Histori-
cal, with no consistent pattern of change evident in any season. HadGEM2-ES Historical
was previously found to produce associate more unique cyclone tracks per precipitation
event than ERA-I (Chapter 6), whilst less difference was found between mean cyclone
count in wet and extreme wet events in HadGEM2-ES Historical than in ERA-I, indicat-
ing that clustering is a less important process for the generation of extreme precipitation
events in HadGEM2-ES than in ERA-I.
The increase in overall cyclone count associated with England and Wales precipitation
events in HadGEM2-ES was shown to be related to larger storm association distances
in HadGEM2-ES than in ERA-I, whilst the smaller change in cyclone count associated
with extreme wet events relative to wet events in HadGEM2-ES was linked to less in-
tense jet stream for extreme wet events in HadGEM2-ES than in ERA-I. Little change
in minimum storm association distance is found in RCP8.5 relative to Historical (not
shown). HadGEM2-ES generates a stronger 250-hPa jet stream for days with extreme
wet precipitation events in England and Wales in RCP8.5 than Historical, but does not
reproduce the increased clustering for extreme wet events that is observed in ERA-I.
This indicates that the representation of clustering in HadGEM2-ES is dependent on
more factors than the location and intensity of the 250-hPa jet stream alone, and that
HadGEM2-ES is less likely to generate extreme precipitation events as a result of extra-
tropical cyclone clustering than ERA-I.
Accumulation period DJF MAM JJA SON
1 day -0.4 0.66 28.84 -9.19
7 day -3.98 -8.58 3.38 -1.24
13 day 3.28 12.13 -10.52 8.44
31 day -1.34 -0.44 -19.28 0.70
Table 7.5: Percentage difference in mean cyclone count between wet and extreme wet
events in HadGEM2-ES RCP8.5. Positive value indicates higher mean cyclone count
for extreme events. Significance was not identified between any pair of wet and extreme
wet samples at p < 0.05 in a Kolmogorov-Smirnov test.
The percentage difference between extreme wet and wet event cyclone counts in RCP8.5
is shown in Table 7.5. Little difference is evident in the cyclone counts between these
two event categories, and significance is not identified for any season or accumulation
period using the Kolmogorov-Smirnov test. This indicates that HadGEM2-ES does not
identify clustering to be a significant influence on the generation of extreme wet precip-
itation events over England and Wales during the period 2080–2099.
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Figure 7.9: Mean cyclone count per event for wet and extreme wet events in
HadGEM2-ES Historical and RCP8.5, 1980–1999 and 2080–2099 respectively. Error
bars are standard error on the mean.
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Since no consistent change in cyclone count between wet and extreme wet events in
HadGEM2-ES RCP8.5 is observed, this indicates that the role of clustering on extreme
wet events is not strongly altered in the future climate as projected by this model
run. This is not qualitatively inconsistent with the findings of slightly reduced cyclone
clustering throughout the North Atlantic jet region (where clustering is modelled as
over-dispersion relative to a fixed-rate Poisson process) in Pinto et al. (2013); however,
this method would need to be applied to an ensemble of climate models to establish the
significance of these results.
7.4.2 Stalling in RCP8.5
Changes in the residence time of cyclones associated with England and Wales precip-
itation events in HadGEM2-ES in the RCP8.5 scenario are analysed using the CPA
method. For wet and extreme wet events in HadGEM2-ES Historical and RCP8.5 ex-
periments, event mean residence times and mean event maximum residence times are
shown in Figure 7.10. Stalling was previously found (in Section 6.4.3) to be associated
strongly with JJA extreme precipitation events in HadGEM2-ES (consistent with ERA-
I), but to be under-represented with respect to ERA-I for all other seasons.
Accumulation period DJF MAM JJA SON
1 day 14.81 2.42 88.92 3.63
7 day 14.22 -14.86 80.38 12.64
13 day 7.72 -7.11 17.01 2.83
31 day 25.92 0.96 -2.03 5.15
Table 7.6: Percentage difference in mean residence time between wet and extreme wet
events in HadGEM2-ES RCP8.5. Positive value indicates higher mean cyclone count
for extreme events. Bold type indicates significant differences by Kolmogorov-Smirnov
test between wet and extreme wet samples (p < 0.05)
Accumulation period DJF MAM JJA SON
1 day 17.41 3.35 87.56 -0.76
7 day 12.31 -1.75 73.70 -0.57
13 day 30.60 8.28 12.29 2.04
31 day 32.55 -0.07 1.29 12.50
Table 7.7: Percentage difference in maximum residence time between wet and extreme
wet events in HadGEM2-ES RCP8.5. Positive value indicates higher mean cyclone
count for extreme events. Bold type indicates significant differences by Kolmogorov-
Smirnov test between wet and extreme wet samples (p < 0.05)
In DJF, cyclone mean residence times are slightly reduced for wet events at all accu-
mulation periods in RCP8.5 with respect to Historical, whilst cyclone mean residence
times are slightly increased for extreme wet events at all accumulation periods in RCP8.5.
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Figure 7.10: Means of event maximum residence time (solid colours) and event mean
residence time (horizontal lines) in HadGEM2-ES Historical and RCP8.5. Error bars
are standard error on the mean.
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These changes are mostly within the range of standard error on the mean. The difference
between wet and extreme wet event average maximum cyclone residence time increases
more strongly, especially at 13–31 day accumulation periods. However, statistical sig-
nificance is not identified for these events within the RCP8.5 model run (see Tables 7.6
and 7.7). Were significance to be identified in the change in maximum residence time
with precipitation intensity, coupled with only a small change in mean residence time,
the presence of one or more stalled cyclones associated with extreme wet precipitation
events would be indicated, as part of a generally more mobile sequence of cyclones.
In MAM, mean cyclone residence time is increased in RCP8.5 relative to Historical for
wet events at all accumulation periods, whilst for extreme wet events the mean cyclone
residence time increases for one-day events and decreases for 7–31 day events. This
indicates that for extreme precipitation events of 7–31 days, cyclone residence times
reduce. This is indicative of more mobile cyclones leading to extreme wet events in the
future climate. Maximum cyclone residence times do not show any consistent differences
between wet and extreme wet events for either Historical or RCP8.5 across the four ac-
cumulation periods (Tables 7.6 and 7.7).
In JJA, large differences are noted between the Historical and RCP8.5 experiments. For
wet and extreme wet events, mean and maximum cyclone residence times are reduced in
RCP8.5 with respect to Historical. Mean residence times for wet events are reduced by
approximately 35% in 1– and 7–day wet events, with smaller reductions for 13– and 31–
day accumulation periods. Maximum residence times are reduced for 1–13 day wet events
in RCP8.5 with respect to Historical. Extreme wet events also find large reductions in
residence time in RCP8.5, with mean residence times reduced by 25–35%. Residence
times in RCP8.5 extreme wet events are higher than those in wet events, with signifi-
cance indicated in an increase in mean and maximum residence times for 1- and 7-day
events (Tables 7.6 and 7.7). This indicates that extreme wet events are associated with
longer residence time cyclones than wet events in the future climate, at short time-scales.
In SON, mean residence times are reduced for wet and extreme wet events in RCP8.5
with respect to Historical. No significant difference in mean or maximum residence times
is identified in RCP8.5 for any accumulation period (see Tables 7.6 and 7.7)
For DJF, MAM and SON, differences in residence times between RCP8.5 and Historical
are fairly small. The most notable differences between Historical and RCP8.5 identified
in these seasons are an increase in the mean extreme wet event maximum residence
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times in DJF (indicating mobile series of cyclones with embedded stalling), and a de-
crease in the wet and extreme wet event mean residence times in SON, indicating more
mobile cyclones associated overall with SON precipitation events. For JJA however,
the differences between Historical and RCP8.5 are very much larger. Although extreme
wet events in JJA are projected to be associated with longer residence time cyclones
than wet events, residence times for all cyclones are greatly reduced relative to the His-
torical experiment, both in the statistics of mean and maximum residence times. JJA
extratropical cyclone propagation speeds are identified as being increased by 7% over the
British Isles in RCP8.5 (Figure 7.7), which would suggest a mechanism for the reduction
of cyclone residence times. However, a similar increase in cyclone propagation speed is
found for DJF, with much less impact on residence times. Also, whilst an intensified
jet stream is found in JJA under RCP8.5 (Figures 7.2 and 7.4), a similar pattern of
intensification is found in the jet stream for all seasons with much less influence on the
associated cyclone residence times.
7.4.3 Extratropical cyclone precipitation intensity in RCP8.5
Precipitation accumulations in England and Wales precipitation events have been found
to increase in RCP8.5, both for the mean wet day precipitation accumulation, and for
the p98 wet day precipitation accumulations (Figure 7.1). Despite some small changes
in clustering patterns in RCP8.5, this change in projected precipitation intensity does
not appear to be related to any systematic changes in the number of cyclones associated
with England and Wales precipitation events. As such, the precipitation intensity of the
cyclones that pass near the England and Wales region must be projected to increase,
thus generating increased levels of precipitation regardless of the speed of the cyclones
or the extent of clustering. Figure 7.11 shows the mean precipitation per cyclone for wet
and extreme wet events in HadGEM2-ES Historical and RCP8.5, calculated as precipita-
tion accumulation per event divided by cyclone count. For all seasons, all accumulation
periods, and both climate model experiments, extreme wet events are associated with a
greater mean precipitation accumulation per cyclone than wet events. High precipita-
tion intensity is always important in the generation of extreme wet events in the RCP8.5
scenario. It is therefore important to note that, on average, extreme England and Wales
precipitation events in HadGEM2-ES are not generated purely by clustered cyclones of
average precipitation intensity.
In DJF, mean precipitation per cyclone increases in RCP8.5 with respect to Historical
for wet and extreme wet events, for all accumulation periods. Extreme wet events show
a larger increase in mean precipitation per cyclone in RCP8.5 than Historical, indicating
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Figure 7.11: Mean precipitation per cyclone (total event precipitation accumulation
divided by cyclone count) for wet and extreme wet events in HadGEM2-ES Historical
and RCP8.5. Error bars are standard error on the mean.
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that the precipitation intensity of the most extreme extratropical cyclones is projected
to increase in this scenario.
In MAM, a similar pattern is observed to DJF for 1- and 7-day accumulation periods;
however, in 13- and 31-day accumulation periods the precipitation intensity of cyclones
associated with extreme wet events reduces with respect to the Historical experiment.
In JJA, precipitation intensity is slightly reduced compared to Historical for wet events
for all accumulation periods in RCP8.5. Per-cyclone precipitation intensity does in-
crease by a similar proportion in extreme wet events compared to wet events, in RCP8.5
compared to Historical. Despite the lower accumulation of precipitation per cyclone in
RCP8.5, a higher precipitation rate is identified when considering the shorter residence
times of JJA cyclones when compared to the Historical experiment (Figure 7.10).
In SON, precipitation intensity for wet events in RCP8.5 remains very similar to that
observed in Historical. However, for 1–13 day accumulation periods the extreme wet
precipitation intensity increases relative to Historical.
For all seasons and accumulation periods, the intensity of precipitation from each cy-
clone is related to the generation of extreme wet precipitation events in both RCP8.5
and Historical. The increased overall cyclone precipitation intensity found in DJF is
consistent with the findings of Bengtsson et al. (2009), which found that winter pre-
cipitation in the extratropical storm tracks is likely to come increasingly from extreme
events, and Zappa et al. (2013b), which indicated an increase in DJF precipitation near
the British Isles in the CMIP5 multi-model mean. This accounts for the higher DJF wet
and extreme wet event precipitation intensities, despite lack of notable change in aver-
age cyclone counts and mean cyclone residence times. In JJA, little systematic evidence
of changes to precipitation per cyclone relative to the Historical experiment is found;
however, with the shorter JJA cyclone residence times identified in Section 7.4.2, JJA
cyclones are projected to generate higher precipitation rates in RCP8.5.
7.5 Discussion and conclusions
In this chapter, changes in England and Wales precipitation events and their associated
storm track activity under the RCP8.5 scenario in HadGEM2-ES have been analysed,
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in comparison to the HadGEM2-ES Historical experiment. Changes in daily precipita-
tion accumulations over England and Wales, cyclone frequencies, mean 250-hPa wind
patterns, and thermodynamic changes between the Historical and RCP8.5 experiments
of HadGEM2-ES were discussed. The CPA method was used to objectively identify
cyclones from the Hodges (1994, 1995) algorithm which were associated with precipita-
tion events over England and Wales. Changes in the magnitude of cyclone clustering
and stalling relative to HadGEM2-ES Historical were analysed, as well as the response
of clustering and stalling characteristics to extreme wet England and Wales precipita-
tion events relative to wet events. Finally, the characteristics of precipitation intensity
in extra-tropical cyclones under the RCP8.5 scenario in HadGEM2-ES were evaluated
through analysis of the mean precipitation per cyclone for wet and extreme wet events.
The changes in climatological England and Wales precipitation under the RCP8.5 sce-
nario are notably different between winter and summer. DJF exhibits a large increase
in mean (+14%) and p98 (+29%) daily precipitation accumulations, and an increase in
extreme wet event minimum accumulation where events are selected by the peaks-over-
threshold method. Dry day frequency also increases by 13%. The DJF storm track near
the British Isles under RCP8.5 is characterised by a reduction in extratropical cyclone
frequency (-8%) and an increase in mean extratropical cyclone speed (+7%). The CPA
analysis revealed little change in clustering of extratropical cyclones associated with
England and Wales precipitation events, despite an extended and intensified jet stream
being identified, which is characteristic of clustering of cyclones in the present climate
(Priestley et al., 2016). Some evidence of an increase in stalled cyclones embedded
within periods of more mobile cyclones was identified for long accumulation period (13–
31 day) extreme wet events. These findings are consistent with increased availability of
moisture in the warmer atmosphere, scaled approximately per the Clausius-Clapeyron
relationship, with extreme precipitation accumulations coming increasingly from intense
extratropical cyclones.
By contrast, JJA exhibits small increases in mean (+4%) and p98 (+12%) daily precip-
itation accumulations, and a slight reduction in minimum precipitation event accumula-
tions as identified by the peaks-over-threshold method. This highlights the importance
of consideration of the method used to define “extreme” precipitation events, particu-
larly where data are combined into multi-day periods. JJA dry day frequency increases
by 19%. The atmosphere warms by a large amount (5–10◦C) over Europe and the east-
ern North Atlantic in the RCP8.5 scenario, but total precipitation over England and
Wales does not increase as might be expected purely based on the Clausius-Clapyeron
relationship. This is found to be due to a relative drying of the air over regions known
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to be sources of atmospheric moisture for precipitation systems affecting western Eu-
rope (de Leeuw, 2014). As with the DJF storm track, extratropical cyclones in JJA are
projected to become less frequent near the British Isles, due to a poleward shift of the
North Atlantic storm track (as per Yin 2005), and those cyclones which cross the British
Isles are projected to propagate on average 7% more quickly, consistent with stronger
250-hPa winds. JJA precipitation events in RCP8.5 show little evidence of increased
cyclone count (clustering), but reduced residence times (stalling) are found relative to
the Historical experiment. Little change is found in the amount of precipitation per
cyclone; however, when combined with the shorter cyclone residence times, an increase
in the precipitation rate of cyclones associated with extreme wet JJA events is identified.
An intensification was identified in the mean 250-hPa wind during extreme wet events
in England and Wales. This intensification took the form of an increased south-westerly
flow in DJF and SON. This pattern, which may be associated with increased moisture
transport from the tropical North Atlantic during extreme events, suggests a mechanism
for the strongly increased p98 value of daily precipitation (Figure 7.1) between Septem-
ber and May under the RCP8.5 scenario.
Whilst the mean 250-hPa wind is a useful indicator of the dynamical properties of the
atmosphere in relation to extratropical cyclone movements and regional precipitation,
there are many other variables that might be considered in future studies. In particular,
baroclinic instability, upper-tropospheric divergence, and the location of the polar front
may be considered in future work to conceptualise more thoroughly the various factors
which may influence cyclone movements and cyclone-associated precipitation.
In summary, the key findings of this chapter are as follows:
• An increase in mean and p98 daily precipitation over England and Wales was
identified under the RCP8.5 scenario for all seasons. In DJF, MAM and SON this
is found to be consistent with atmospheric warming scaling approximately with the
Clausius-Clapeyron theorem. In JJA, a reduction in relative humidity in the key
moisture source regions for England and Wales precipitation offsets the effect of a
large temperature increase in these regions, resulting in a smaller increase of daily
precipitation accumulations. The frequency of dry days over England and Wales
increases for DJF and JJA, suggesting that the previously identified increases
in mean and p98 daily precipitation accumulations are generated by rarer, more
intense precipitation events.
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• The North Atlantic jet was found to be intensified in RCP8.5 relative to Histor-
ical for extreme wet events in all seasons. The strongest increase in wind speeds
was identified in DJF and SON, with a notable south-westerly anomalous flow
direction. This anomalous flow is found to be greater than that which might be
expected due to changes in the seasonal mean flow, and indicates one mechanism
by which the p98 daily precipitation value might be expected to increase due to
increased water vapour transport from the tropics.
• Cyclone propagation speeds are found to be faster in all seasons under RCP8.5,
but cyclone frequencies were lower. In JJA this decrease in cyclone frequency was
associated with a poleward shift of the storm track.
• Clustering was not found to be an important process in the generation of extreme
precipitation events in England and Wales in RCP8.5. Only small differences were
identified between cyclone counts associated with wet or extreme wet precipitation
events over England and Wales between RCP8.5 and Historical, with no signifi-
cance indicated when analysed using the Kolmogorov-Smirnov test.
• The largest change to stalling in extratropical cyclones associated with England
and Wales precipitation events occurs in JJA, with an overall reduction in cyclone
residence times. Residence times remained significantly higher (KS test p < 0.05)
for extreme wet events than wet events in JJA at 1–7 day accumulation peri-
ods, indicating that stalling is still influential on generating summer precipitation
extremes in RCP8.5. Maximum residence times were found to increase in DJF
13–31 day extreme wet events, indicating the presence of stalled cyclones within
otherwise more mobile periods.
• Increases in DJF precipitation in RCP8.5 compared to Historical were found to
be predominantly caused by larger volumes of precipitation being produced by
individual cyclones. In JJA, total precipitation accumulation per cyclone varies
little between the two scenarios, but when the shorter mean cyclone residence
times are considered, precipitation is found to be generated by cyclones with higher
precipitation rates in RCP8.5 than in the Historical experiment.
This analysis has provided information regarding the representation of England and
Wales precipitation events in relation to the North Atlantic storm track in the RCP8.5
experiment of HadGEM2-ES. It should be noted that extratropical cyclone clustering
in association with England and Wales precipitation events was found to be under-
represented relative to ERA-I in Chapter 6. This process may therefore also be under-
represented in the RCP8.5 experiment. However, the majority of the key findings are
consistent with current literature regarding changes to the nature of precipitation in
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north-western Europe, and changes to the North Atlantic storm track. Further analysis
using an ensemble of climate models, such as CMIP5, using different RCP scenarios,
would be highly beneficial in determining the robustness of the projected changes to
England and Wales precipitation identified in this chapter, and would yield valuable
information regarding the representation of the relationship between precipitation events
and cyclone movements near the storm track exit in climate models. Future work may
entail the analysis of variables other than 250-hPa wind to generate a more complete
view of the state of the climate during extreme events within the climate model.

Chapter 8
Discussion and conclusions
8.1 Overview
Extratropical cyclones are an important source of precipitation in England and Wales,
with the majority of precipitation events in the winter being associated with the passage
of an extratropical cyclone or its associated fronts. Extreme precipitation accumulations
generated by extratropical cyclones have far-reaching socio-economic impacts. There is
a great need from businesses and policy makers to better understand how these precip-
itation extremes are generated in the present climate, and how these mechanisms may
change in the future.
Clustering of extratropical cyclones is a phenomenon that has received considerable re-
search attention in recent years, with several studies finding significant levels of clustering
in extratropical cyclones near the North Atlantic jet exit region, including England and
Wales (Mailier et al., 2006; Vitolo et al., 2009; Pinto et al., 2013, 2014). The UK floods
of winter 2013-14 highlighted the potential risks associated with large precipitation accu-
mulations from clustered storms. Clustering is known to occur more strongly in storms
of high dynamical intensity, leading to increased risk to insurance companies from wind-
storm losses in clusters of intense storms. However, very little work has considered the
impact of clustering on precipitation accumulations.
Stalling is often linked with extreme precipitation accumulations and rapid flooding
events (Blackburn et al., 2008; Stadtherr et al., 2016; Petoukhov et al., 2016). Several
examples of this have occurred in recent years; the most famous example being the floods
of summer 2007, which lead to the town of Tewkesbury being entirely cut off by floods,
159
Chapter 8. Summary and conclusions 160
as well as extensive and damaging flooding across the rest of the country. Although
slow-moving storms are mentioned in literature which discusses the cause of floods in
Europe (Blackburn et al., 2008; Stadtherr et al., 2016), no systematic study has been
performed to identify the climatological nature of stalling, its impact on England and
Wales precipitation events, or potential changes to stalling under future climate condi-
tions.
This thesis has aimed to address gaps in our knowledge of how the movement of cyclones,
specifically patterns of clustering and stalling, influences precipitation accumulations on
time-scales from one day to one month over the England and Wales region. The quality
of England and Wales precipitation in reanalysis products and a climate model has been
evaluated; a novel method of associating precipitation events with extratropical cyclone
centres has been developed; and this method has been applied to reanalysis and climate
model data to investigate the influence of clustering and stalling on England and Wales
precipitation events. This analysis has been performed with the intention of answering
the following questions, posed in Chapter 1:
1. How well are historical England and Wales precipitation events represented in
reanalyses?
2. What is the best way to associate precipitation with extratropical cyclones?
3. To what extent is precipitation in England and Wales influenced by the clustering
and stalling of extratropical cyclones?
4. How well do climate models represent the observed relationships between extrat-
ropical cyclones and England and Wales precipitation events?
5. How might extreme precipitation events caused by extratropical cyclones change
in the future?
A discussion of the analysis performed in this thesis is presented in Section 8.2, to
respond to the questions posed above. Avenues of potential future research are discussed
in Section 8.3.
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8.2 Discussion and conclusions
8.2.1 How well are historical England and Wales precipitation events
represented in reanalyses?
Reanalysis data is commonly used in evaluation of recent climate conditions (e.g. Mailier
et al. 2006; Pinto et al. 2013; Catto et al. 2012; Catto and Pfahl 2013; Hawcroft et al.
2012). Whilst analysis of trends and variability in England and Wales precipitation
is usually performed based on data from the high-quality, long-running gauge network
available for this region (e.g. Osborn et al. 2000; Alexander and Jones 2000), precipita-
tion data from reanalysis products has great potential for the development of analysis
methods which are applicable to other regions. In particular, precipitation data from
reanalysis products have been used to investigate the association between extratropical
cyclones, fronts, and precipitation in the North Atlantic storm track (Hawcroft et al.
2012; Catto et al. 2012; Catto and Pfahl 2013). Reanalysis products are also of great
benefit as the large range of data available from reanalyses allows the identification of
extratropical cyclones and precipitation events in the same dataset.
In Chapter 3, the ability of NOAA-CIRES Twentieth Century Reanalysis (20CR; Compo
et al. 2011) and ECMWF ERA-Interim (ERA-I; Dee et al. 2011) to represent precipi-
tation over England and Wales was analysed, using data from the Hadley Centre UK
Precipitation (HadUKP) England and Wales Precipitation (EWP; Alexander and Jones
2000) series for comparison. Using a hit-rate analysis method, both reanalysis prod-
ucts identified 45–55% of extreme daily precipitation events (where “extreme” is defined
as the 98thpercentile of each dataset). Hit rates were found to increase for longer ac-
cumulation period events, indicating that the timing of precipitation events may be an
important factor in the ability of reanalysis products to represent observed events. How-
ever, hit rates did not exceed 80% for p98 extreme events on any time-scale (Figure 3.4,
indicating that reanalysis is not an appropriate tool for identifying individual extreme
events.
The spatial representation of climatological precipitation was found to be similar between
20CR and ERA-I (Figure 3.1), with the north-west to south-east decreasing gradient of
climatological precipitation over the British Isles well represented. This was comparable
to the spatial distribution of precipitation from the Global Precipitation Climatology
Project (GPCP) satellite-derived record, indicating that the spatial representation of
climatological precipitation was reasonable in both reanalysis models. However, both
reanalysis products underestimated accumulated precipitation relative to GPCP, and
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20CR particularly lacked spatial detail due to its coarse resolution. The frequency dis-
tribution of daily precipitation accumulations was well represented in both reanalysis
products relative to EWP (Figure 3.2), although a systematic underestimation of mean
and p98 values, and an over-representation of days of low rainfall accumulation (drizzle),
was evident in both reanalysis products.
The usefulness of reanalysis products depends primarily on the intended use. For spatial
representation of precipitation features, the reanalysis products evaluated here showed a
reasonable level of agreement, representing the climatological distribution of precipita-
tion effectively. However, as a substitute for a high-quality record of observed precipita-
tion accumulations, reanalysis falls short, particularly in instances when it is necessary to
identify the timing of extreme precipitation events. In the context of the work presented
in this thesis, the spatial representation of precipitation in reanalysis was deemed to be
of high enough quality to form a core element of the CPA method, which was developed
to identify cyclones in association with precipitation events (Chapter 4). Precipitation
observations from the EWP dataset were used to more accurately identify precipitation
events in the recent climate.
8.2.2 What is the best way to associate precipitation with extratropi-
cal cyclones?
Several methods have previously been used to associate cyclones with regions of potential
impact. The simplest existing methods track the east-west passage of cyclones across a
meridional gate (Mailier et al., 2006; Vitolo et al., 2009). This method is appropriate
for point-process modelling of the transits of extratropical cyclone centres, but does not
make allowances for the size of the cyclone, and the potential for damaging impact at a
distance from the cyclone centre. Methods using a circle to track cyclone transits (Pinto
et al., 2013, 2014; Priestley et al., 2016) or to track precipitation associated with cyclones
(Hawcroft et al., 2012) make some allowances for the spatial dimensions of extratropical
cyclones, but do not fully account for the distant and highly asymmetric spatial distri-
bution of precipitation associated with extratropical cyclones and the sensitivity to the
radius of the search area that this causes. Fully associating precipitation events with
extratropical cyclones requires more information regarding the structure of rain bands
associated with the cyclone. Additional spatial information regarding the distribution
of precipitation from extratropical cyclones was obtained by Catto et al. (2012) and
Catto and Pfahl (2013) using front tracking techniques. This method produced high
association rates (∼90% DJF association rate near British Isles).
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It is possible to achieve higher association rates between precipitation events and extrat-
ropical cyclones by utilising the spatial information provided by the precipitation output
of gridded datasets. In Chapter 4, the CPA method was developed to improve the as-
sociation rate between England and Wales precipitation events and the extratropical
cyclones that were likely to have generated them. CPA applies a threshold precipitation
value to gridded data, such as climate model or reanalysis output, to identify contiguous
precipitation bands. Precipitation events in a region of interest (England and Wales in
this case) are associated with the nearest extratropical cyclone centre that lies within,
or close to, the precipitation band that lies over the region of interest. A maximum
distance limit is applied to prevent spurious association of very distant events. By util-
ising the spatial precipitation data available from gridded datasets, association rates
between precipitation events and extratropical cyclones are maximised, whilst spurious
association with extratropical cyclones is minimised on dry days. The CPA method
associates 98% of DJF p98 extreme precipitation events in England and Wales in ERA-I
with an extratropical cyclone. 80% of JJA p98 extreme precipitation events in England
and Wales in ERA-I are associated with extratropical cyclones; this is expected due to
the seasonal cycle of extratropical cyclone activity.
When tested against previously established methods, CPA returns higher association
rates between extreme wet England and Wales precipitation events (defined as daily
events above the 98thpercentile of daily EWP precipitation) and extratropical cyclones
in DJF, MAM and SON than all other methods tested (Figure 4.4) (the JJA CPA ex-
treme wet event association rate is very slightly exceeded by a storm-centred 12◦ radial
cap method). Dry day association rates are much lower in all seasons than for other
methods, at approximately 5% for all seasons. CPA was found to be only slightly sen-
sitive to precipitation threshold (within ±0.5 mm of 1.5 mm) for dry and extreme wet
event association rates (Figure 4.5) and cyclone counts per daily event (Figure 4.6).
CPA was therefore found to fulfil its purpose of more accurately objectively associating
regional precipitation events with extratropical cyclones than methods using a fixed
search area, whilst utilising readily available spatial data from gridded atmospheric
datasets.
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8.2.3 To what extent is precipitation in England and Wales influenced
by clustering and stalling of extratropical cyclones?
An analysis of historical precipitation events and associated clustering and stalling pat-
terns in extratropical cyclones was conducted in Chapter 5. This analysis used observed
precipitation data from the EWP subset of HadUKP, which is derived from rain gauge
observations across England and Wales. These data were combined with spatial precip-
itation data from ERA-I and the CPA method was used to associate observed England
and Wales precipitation events with extratropical cyclones in the reanalysis data, iden-
tified and tracked using Hodges (1994, 1995) tracking scheme on ξ850.
Clustering associated with England and Wales precipitation events was characterised
by the cyclone count per event. The measurement of cyclone count allows for situations
such as winter 2013-14 in the UK to be characterised, when a highly regular series of
storms crossed the region, causing wind, flood, and storm surge damage. Whilst this
method differs from the established method of identification of storm clusters in the
existing literature (Mailier et al., 2006; Vitolo et al., 2009; Pinto et al., 2013, 2014, 2016;
Priestley et al., 2016), this is required in order to consider events where regular cyclone
passages present a cumulative risk of flood. Track count per event can indicate the level
of clustering present in extreme wet events relative to wet events, and the seasonal cycle
of clustering associated with precipitation events.
Clustering was found to be an important process governing extreme wet precipitation
events in England and Wales in all seasons. The largest differences between cyclone
count for wet and extreme wet events were found in DJF, MAM and SON, although some
evidence of the influence of clustering on extreme wet precipitation events was identified
for JJA (Figure 5.8). Clustering was found to be associated with an intensification
and extension to the east of the 250-hPa jet stream. The jet exit was found to be
positioned directly above the England and Wales region for clustered extreme wet events.
Particularly intense and direct jet stream configurations were found to be associated with
DJF and SON extreme wet precipitation events associated with clustered storms; this
is consistent with the association between double-sided Rossby wave breaking in the
presence of an extended jet stream and clustering near the North Atlantic jet exit region
identified by Priestley et al. (2016).
Stalling was defined by two measurements: mean cyclone residence time per event,
and maximum cyclone residence time per event. These two measurements describe two
distinct types of stalling event. A long mean cyclone residence time per event describes
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situations in which the majority of storms associated with a precipitation event are
slow moving, indicating a general low level of storm mobility. A long maximum cyclone
residence time per event describes a situation where one storm has stalled during the
course of the precipitation event; potentially as part of an otherwise more mobile period.
A strong seasonal cycle was identified in the residence times of storms associated with
precipitation events in England and Wales (Figure 5.11). Both the mean and maximum
cyclone residence time per precipitation event were found to be longer in JJA than in
any other season for extreme wet events. Both mean and maximum residence times
were very similar between JJA and SON for wet events. Similar mean and maximum
residence times were found in wet and extreme wet events in DJF and MAM, and mean
residence times were longer in extreme wet events than wet events in both DJF and
MAM at 1–13 day accumulation periods. A year-round influence of extratropical cy-
clone stalling on extreme precipitation events in England and Wales is evident for short
accumulation period events. However, in JJA this influence extends to long accumula-
tion period events (1–31 days).
The prevalence of stalling in JJA may be due to the weaker westerly winds present in
JJA, which are conducive to the generation of slow-moving extratropical cyclones. How-
ever, a wave pattern is strongly evident in the 250-hPa wind vectors for extreme wet
precipitation events in MAM, JJA and SON associated with stalled extratropical cy-
clones. This wave pattern approximates a planetary-scale wave pattern of wave number
n = 6. An n = 6 stationary wave pattern was identified northern hemisphere maps of
potential temperature on the dynamical tropopause (ΘPV=2) during the flooding events
of summer 2007 by Blackburn et al. (2008), the Northern Hemisphere 300-hPa wind flow
during the Balkan floods of 2014 (Stadtherr et al., 2016), and with several extreme pre-
cipitation and heatwave events in the summers of 2012 and 2013 (Petoukhov et al., 2016).
The findings presented in this thesis indicate that stalling is a dominant process gov-
erning extreme spring–autumn precipitation events in England and Wales. Stalling
associated with spring–autumn extreme precipitation events in England and Wales is
found to be linked to quasi-stationary planetary-scale waves of wave-number n = 6, sim-
ilar to those identified by Blackburn et al. (2008), Petoukhov et al. (2016) and Stadtherr
et al. (2016). Further research would be beneficial to establish the frequency of quasi-
stationary planetary-scale waves occurring concurrently with England and Wales pre-
cipitation extremes, and the relationship between the amplitude and duration of these
waves and the residence times of extratropical cyclones.
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8.2.4 How well do climate models represent observed relationships be-
tween extratropical cyclones and England and Wales precipita-
tion events?
In Chapter 6 the ability of a historical run of HadGEM2-ES to replicate extratropical
cyclone behaviours in association with England and Wales precipitation events was eval-
uated. Whilst the ability to simulate features of the historical climate is not necessarily
an indicator of the ability of a climate model to make accurate projections of the future
climate, this analysis is intended to highlight any systematic differences between the
mechanisms by which HadGEM2-ES and ERA-Interim generate precipitation affecting
England and Wales.
A single climate model from the CMIP5 ensemble was selected for this analysis. Using
a multi-model approach (e.g. Zappa et al. (2013b); Economou et al. (2015); Renggli
and Zimmerli (2016)) to evaluate the performance of climate models in representing the
relationship between extratropical cyclones and England and Wales precipitation would
have provided a greater level of confidence in the significance of the results, as well as an
indication of the degree of uncertainty inherent in these results. Economou et al. (2015)
demonstrates that when considering the full ensemble of CMIP-5 members, considerable
quantitative uncertainty exists in the dispersion statistic of extratropical cyclones in the
North Atlantic, which may have an effect on the findings of this study. However, Renggli
and Zimmerli (2016) indicates that the representation of serial clustering of extratropical
cyclones is well constrained between models when only a subset of CMIP-5 is considered,
where that subset is known to reproduce large-scale atmospheric dynamics well in the
North Atlantic region. The selection of HadGEM2-ES according to the criterion of its
representation of the tilt of the North Atlantic storm track gives confidence that these
results might be replicated closely by other CMIP-5 models with similar representation
of the dynamics of the North Atlantic.
Daily precipitation accumulations in England and Wales were found to be similarly rep-
resented in HadGEM2-ES and ERA-I, although both products showed a tendency to
over-estimate days of light rain with respect to EWP, and both the reanalysis and the
climate model yielded lower mean and 98thpercentile precipitation when compared with
EWP. HadGEM2-ES represented the location and cyclone frequency of the North At-
lantic storm track well in DJF and MAM, but underestimated cyclone frequency near
the British Isles by 5%–29% (DJF and JJA respectively) with respect to ERA-I. Ex-
tratropical cyclone propagation speeds in the eastern North Atlantic were found to be
18–24% slower for all seasons in HadGEM2-ES than ERA-I. The lower storm frequency
Chapter 8. Summary and conclusions 167
in JJA and SON, and the overall reduction in storm propagation speeds may be associ-
ated with weaker wind speeds in the 250-hPa jet in HadGEM2-ES than ERA-I.
The CPA method was applied to HadGEM2-ES (Historical) and ERA-I, and the results
were compared to highlight similarities and differences in the nature of storm clustering
and stalling associated with England and Wales precipitation events (where precipitation
events were identified by model precipitation output). Despite the lower North Atlantic
cyclone count in HadGEM2-ES, association rates between England and Wales precipita-
tion events and extratropical cyclones were higher in HadGEM2-ES. This was found to
be related to the ability of CPA to associate storms at a greater distance from England
and Wales in HadGEM2-ES than in ERA-I. Clustering was found to be less likely to be
associated with extreme England and Wales precipitation events in HadGEM2-ES than
ERA-I, despite the higher overall cyclone counts associated with England and Wales
precipitation events in HadGEM2-ES. Stalling was also found to be less strongly as-
sociated with extreme wet events in HadGEM2-ES for DJF, MAM and SON, despite
overall longer residence times than in ERA-I. However, a strong link between stalling
and extreme wet event generation was found for JJA in HadGEM2-ES for all accumula-
tion periods (1–31 days). The magnitude of the difference between wet and extreme wet
event residence times in HadGEM2-ES approximately mirrored that of ERA-I, despite
the longer residence times overall in HadGEM2-ES.
In summary, the representation of the North Atlantic storm track, 250-hPa winds, and
England and Wales precipitation in HadGEM2-ES closely resembles ERA-I, despite some
systematic differences from ERA-I. Extreme England and Wales precipitation events are
associated with an extended and intensified 250-hPa jet in both HadGEM2-ES and ERA-
I, and similar cyclone counts per precipitation event are found in both HadGEM2-ES and
ERA-I, including the seasonal cycle. Clustering is not as important a process for govern-
ing extreme England and Wales precipitation events in HadGEM2-ES, and the difference
between cyclone counts for wet and extreme wet events is rarely as large in HadGEM2-ES
as in ERA-I. Stalling is also represented differently in HadGEM2-ES, with longer average
residence times and a stronger seasonal cycle in the importance of stalling for extreme
events. Although some aspects of the relationship between clustering, stalling, and ex-
treme precipitation events are represented differently in HadGEM2-ES than in ERA-I,
the main features of the North Atlantic storm track are well represented. Therefore there
is value in analysis of these events under a high-emissions scenario in HadGEM2-ES, as
this can indicate whether changes in thermodynamics or circulation are more important
for any future changes in England and Wales precipitation events.
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8.2.5 How can we expect extreme precipitation events caused by ex-
tratropical cyclones to change in the future?
In Chapter 7 the RCP8.5 experiment of HadGEM2-ES was analysed, to provide informa-
tion regarding the projected changes to England and Wales precipitation distributions,
the North Atlantic storm track, and clustering and stalling of extratropical cyclones in
relation to precipitation events in England and Wales. The CPA method was applied
to output from the RCP8.5 experiment, allowing direct comparison with the Historical
experiment of HadGEM2-ES.
Changes to the North Atlantic storm track, and to precipitation accumulations over
western Europe, have been projected by climate models and discussed in previous lit-
erature. Zappa et al. (2013b) identified projected changes to the North Atlantic storm
track in the CMIP5 multi-model mean, whereby the North Atlantic storm track be-
comes, on average, more zonal. This leads to an increase in cyclone count near the
British Isles. Whilst there is currently high confidence in an intensified global hydro-
logical cycle (Stocker et al., 2013), less certainty exists as to regional magnitude of
precipitation change in the future climate.
In HadGEM2-ES RCP8.5, an increase in mean and p98 daily precipitation over England
and Wales was identified for all seasons (Figure 7.1). The magnitude of this increase
was not uniform in all seasons, with a very much smaller increase in JJA precipitation
than in DJF. Investigation of the projected changes to thermodynamic conditions in
the North Atlantic indicated that, although air temperature is projected to rise over
Europe in the RCP8.5 projection, relative humidity does not rise proportionately. Mois-
ture availability increases more strongly DJF than in JJA. JJA relative humidity is
found to be particularly low in regions known to be major moisture source regions for
England and Wales precipitation (Figure 7.8), accounting for the small change in JJA
mean and p98 daily precipitation accumulations relative to DJF in the RCP8.5 scenario.
Application of the CPA method to RCP8.5 data indicates that clustering does not play
a large role in extreme precipitation events over England and Wales in the RCP8.5 pro-
jected climate (Figure 7.9). Only small differences in cyclone count between wet and
extreme wet events were found in RCP8.5. Consistent with the analysis of the His-
torical experiment presented in Chapter 6, stalling was found to be strongest in JJA,
but, consistent with faster storm propagation speeds, JJA residence times were found to
be shorter than in the Historical experiment (Figure 7.10). Extreme wet events in DJF
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were found to have longer maximum cyclone residence times for 13–31 day accumulation
periods. This is suggestive of a period of mobile storms, with one or more slow-moving
storms embedded within it. This situation is highly similar to the situation that gen-
erated the flooding in summer 2007, during which a very mobile period brought large
accumulations of precipitation to England and Wales, and a slow-moving storm with
intense precipitation caused flooding on previously saturated ground.
Consistent with the greater availability of atmospheric moisture in DJF in the RCP8.5
projection, increases in DJF precipitation accumulations were found to be predomi-
nantly associated with greater volumes of precipitation per cyclone, as opposed to an
increased number of cyclones (Figure 7.11). Little change was found in the amount of
precipitation from JJA cyclones, but, when combined with the shorter residence times
identified in JJA, this indicates that JJA cyclones precipitate at a faster rate in RCP8.5
than in the historical climate.
Analysis of the RCP8.5 run of HadGEM2-ES indicates that future changes in England
and Wales DJF precipitation are governed more by the thermodynamic influences un-
der a warming climate than changes to atmospheric dynamics, such as clustering and
stalling patterns in extratropical cyclones. Strong temperature increases in DJF and
are associated with a proportionate increase in atmospheric moisture availability, as
demonstrated by the lack of change of relative humidity in Figure 7.8. In JJA, a re-
duction in relative humidity in the main moisture source regions limits the potential
increase of precipitation due to a strongly warming climate. In JJA, reduction of mean
cyclone residence times introduce a secondary dynamical influence governing precipita-
tion accumulations. These findings must also be considered in the context of the known
limitations of HadGEM2-ES, including the lower importance of clustering in generating
extreme England and Wales precipitation events relative to ERA-I. It would therefore
be useful to analyse further climate models to test the robustness of these findings.
8.3 Future work
In this section, potential avenues of future research will be discussed in terms of three
unanswered questions related to the research presented in this thesis.
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8.3.1 How does the influence of extratropical cyclone clustering and
stalling on precipitation events vary throughout Europe?
A new method for investigating the link between regional precipitation events and extra-
tropical cyclone clustering and stalling has been developed for this project, and utilised
to evaluate the role of clustering and stalling on England and Wales precipitation ac-
cumulations. England and Wales was chosen as the region to evaluate primarily due
to the existence of a long-running, high quality data-set of precipitation observations,
processed to give a homogeneous data series on an appropriate spatial scale for this
analysis. Given the ability of the CPA method to be applied to any gridded dataset,
there would be value in analysing other regions where similar high-quality precipitation
observations are available. One such application would be to utilise the E-OBS (Haylock
et al., 2008) daily gridded rain gauge data, which is available for European land areas
(and some Mediterranean coastal regions) between 1 January 1950 and 31 August 2016.
By applying CPA to precipitation data across a larger area, regional climatologies of the
influence of clustering and stalling cyclones on precipitation events across Europe could
be generated.
In Hand et al. (2004) precipitation events are categorised as convective, frontal or strat-
iform; such classification within CPA would give useful information regarding the origin
of the precipitation. ERA-I provides data concerning the origin of precipitation (con-
vective/stratiform) which, combined with orographic data, could be used to objectively
categorise the source of precipitation in each case.
In ERA-Interim, clustering was identified as a more important process than the precip-
itation intensity of extratropical cyclones in governing the generation of 31-day extreme
precipitation events in England and Wales (Chapter 5). It would be beneficial to eval-
uate the robustness of this relationship by applying this analysis to different reanalysis
products, time periods, or regions of Europe.
8.3.2 What causes extratropical cyclones to stall?
In Chapter 1, we established that a large gap exists in the present literature concerning
stalling in extratropical cyclones. In Chapter 5 we established that cyclones associated
with extreme England and Wales precipitation events in the summer are resident for ap-
proximately 50% longer than cyclones associated with non-extreme precipitation events.
Therefore, analysis of the causes and climatological frequency of stalling extratropical
Chapter 8. Summary and conclusions 171
cyclones near the exit of the North Atlantic jet would be highly beneficial.
Blackburn et al. (2008), Petoukhov et al. (2013), Petoukhov et al. (2016) and Stadtherr
et al. (2016) have all identified the existence of quasi-stationary planetary waves of
wavenumber 6–8 concurrently with extreme precipitation events, in limited studies of
notable extreme weather events. Petoukhov et al. (2013) and Petoukhov et al. (2016)
hypothesise that quasi-stationary planetary waves of this type may self-amplify through
a mechanism of quasi-resonant amplification. A systematic analysis of the importance of
large amplitude quasi-stationary planetary waves to the generation of extreme England
and Wales precipitation events due to stalled cyclones could be conducted by combining
the zonal wave number calculation of Petoukhov et al. (2013) with CPA. The strength
of the association between quasi-stationary planetary waves and extratropical cyclone
stalling could be established by regressing extratropical cyclone residence time onto the
amplitude of the n=6,7,8 wave components.
8.3.3 How is the influence of clustering and stalling of extratropical
cyclones on precipitation represented in CMIP5 models?
This study has been limited to the analysis of a single climate model, HadGEM2-ES.
This has produced some valuable insights into the manner in which this climate model
performs when generating England and Wales precipitation events, in relation to its
representation of the North Atlantic storm track. However, there would be clear benefit
from applying this method to other climate models in the CMIP5 project, and to other
RCP experiments, to both determine the robustness of these results to the model chosen,
and to identify any differences in climate response under alternative emissions scenar-
ios. HadGEM2-ES was found to display biases in its representation of the influence of
extratropical cyclone clustering and stalling on England and Wales precipitation events
when compared with ERA-I. Therefore it would be beneficial to extend this analysis to
the historical scenarios of other models in the CMIP5 project, to allow more complete
evaluation of mechanisms that are important for the generation of observed clustering
patterns.
Due to the size of the CMIP5 project, it may be desirable to focus further analysis on
a subset of models which best represent features which are essential for the accurate
representation of extratropical cyclones near England and Wales. For detailed analysis
of projected changes to the North Atlantic storm track, Zappa et al. (2013b) selected
four models from the CMIP5 project which best represented the location and tilt of the
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North Atlantic storm track: HadGEM2-ES, HadGEM2-CC1, EC-EARTH (Hazeleger
et al., 2010) and MRI-CGCM3 (Yukimoto et al., 2012). Since representing the location
of the North Atlantic storm track is essential for analysis of clustering, stalling and pre-
cipitation characteristics of storms near England and Wales, selecting models according
to similar criteria would be preferable. At the time of writing, sub-daily precipitation
data is not available for EC-Earth RCP8.5. Therefore, MIROC-5 (Watanabe et al.,
2010) and GFDL CM3 (Donner et al., 2011) are proposed as alternative models due
to their ability to closely resemble the North Atlantic storm track tilt as observed in
reanalysis (Zappa et al., 2013a). Additionally, an evaluation of the ability of the CMIP6
models (Eyring et al., 2016) to represent clustering and stalling should be considered
upon release of data (projections expected 2018–2020).
In this thesis, only the RCP8.5 scenario has been evaluated, which represents a high-
emissions scenario leading to high levels of warming. This scenario was chosen to provide
the strongest climate change signal. However, as the storm track responds non-linearly
to climate change it would be highly beneficial to apply this analysis to other RCP
scenarios. Several studies of the North Atlantic storm track under climate change (e.g.
Harvey et al. 2012; Zappa et al. 2013b; Pinto et al. 2013) focus on the RCP4.5 scenario,
as this provides a mid-level estimate of future climate conditions. For the highest level of
inter-comparability with existing literature, RCP4.5 should be considered in any further
analysis.
1This model has very similar characteristics to HadGEM2-ES, and was included in Zappa et al.
(2013b) to reduce sampling uncertainty
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